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ABSTRACT
POSSIBLE HYDROSEISMIC TRIGGERING FOR SMALL
EARTHQUAKES OCCURRING WITHIN THE FOX RIVER
VALLEY, NORTHEASTERN ILLINOIS
James Benco, M.S.
Geology and Environmental Geosciences
Northern Illinois University, 2019
Philip J. Carpenter, Director
In February, 2010 the town of Lily Lake experienced a magnitude 3.8 earthquake. This
was followed by small earthquakes of magnitude 2-3 in the same general area in 2012
(McHenry), 2013 (Campton Hills) and 2015 (Lake of the Hills). Seismicity within this region is
poorly understood. The Fox River Valley (here defined as the Fox River drainage basin) area is
not historically seismically active, nor does it lie above a mapped fault. This study examines the
timing of these earthquakes and the hypothesis they were triggered by pore-pressure increases at
depth from large rainfall events several months earlier. A pressure wave from elevated water
levels at the surface can propagate through saturated rock, slightly reducing effective stress at
seismogenic depths. This could trigger a small earthquake in a system where faults are on the
verge of failure. In order to better understand this phenomenon, two steps are needed: relocation
with improved constraints on hypocentral depths, and utilizing the diffusion equation for
propagation of the diffusive pressure wave (Biot slow wave) to predict pore pressure increases at
a depth z, as a function of time. Within this equation hydraulic diffusivity D controls the radial
expansion of the pressure wave and t represents the time it takes for the wave to reach a depth z;
−𝑧2

𝑝(𝑡, 𝑧, 𝐷) =

𝑝𝑜 𝑒 4𝐷𝑡 𝑧
2√𝜋(𝐷𝑡)3/2

. An apparent positive correlation exists between large rainfall events

and these earthquakes. Utilizing time between the peak rainfall month to the earthquake event,
with the diffusion equation, hydraulic diffusivity D may be calculated and compared to other
researchers’ values. Regional hydraulic diffusivity values (D) for this study averaged about 1.08
m2/s which compares favorably with upper crustal values obtained by several researchers (e.g.
Shapiro, 1997; Costain and Bollinger, 2008) who estimate D for the bulk upper crust about 1
m2/s, assuming uniform diffusivity. Thus, hydroseismicity may be a viable trigger mechanism
for these earthquakes. Upon relocating these events, an interesting geometry appeared. They all
align with an approximate strike of N 16o E. A positive correlation also exists between this strike
and the focal plane solution for the Feb. 10, 2010 earthquake. The strike of this newly discovered
fault is also subparallel to the Waukesha Fault in southern Wisconsin, leading to the
interpretation that these hypocenters lie upon a previously unknown fault, herein provisionally
named the “Lily Lake Fault,” with an approximate strike of N 16oE.
Three conclusions from this study:
1. The Fox River (basin and watershed) earthquakes of 2010-2015 may have been
hydroseismically triggered by large rainfall events,
2. A northeast-trending fault was discovered extending from Lily Lake to at least
McHenry, IL and is subparallel to the Waukesha Fault exposed in southeastern
Wisconsin,
3. Rocks in the Precambrian crystalline basement in this area appear to be critically
stressed and close to failure. It would not be advisable to inject liquid wastes into
these rocks, including supercritical carbon-dioxide.
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Chapter 1
Introduction
1.1 Purpose and Scope
The main objective of this study is to determine if earthquakes occurring between 2010 and
2015 within the Fox River Valley were hydroseismically triggered. Three out of four earthquakes
examined in this study occurred during winter or early spring, suggesting a seasonal effect on
seismicity. These events ranged in body wave magnitude from 2.3-3.8, with a depth range of
7.1-11.8 km. Another objective is to identify an unmapped fault, or faults, associated with these
earthquakes, and assess the current stress state in the upper crust of this region.
Testing of this hydroseismicity hypothesis involves a number of steps, including relocating
earthquakes using the program HYPO71 to more accurately constrain hypocentral depths, and
evaluate whether a precipitation-induced Biot’s slow wave (hydraulic diffusion) is consistent
with the timing of these earthquakes.
1.2 Size of Investigated Area

The area of interest is within the Illinois portion of the Fox River Valley. This area extends
from McHenry county in the north to LaSalle county in the south; the area of study is
demonstrated in Figure 1.2.1. The upper crust is the focus of this study, particularly the upper 12

2

km. Boreholes in northern Illinois do not extend this deep, so upper crustal characterization is a
challenge. Insights into lithology and structure in this depth range may be gleaned through
seismic reflection, gravity and magnetic surveys, analysis of the deepest borehole drilled in
northern Illinois (UPH-3 in Stephenson County), and analysis of other intraplate areas, such as
the KTB borehole in Germany.

Figure
1.2.1: From Knapp (1988). Map of the southern Wisconsin, northern Illinois and the Fox River
drainage basin. The area for this study is located north of La Salle County and extends into
McHenry County.

3

1.3 Societal Importance of This Study
Intraplate earthquakes are some of the most understudied and least constrained events (the
term “event” is commonly used by earthquake seismologists to describe any seismic disturbance,
i.e. earthquakes, explosions, rockbursts, icequakes, sonic booms, meteor impacts, etc.) Parts of
the Fox River Valley is located within 50 km of the city of Chicago. So when the Feb. 10, 2010
earthquake occurred it was felt by at least 11 million people. Although these earthquake events
are relatively small, and unlikely to damage city infrastructure, they cause concern and are of
great interest for the media. Thus these small earthquakes present a “teachable moment” in
which to discuss earthquake hazards in the mid-continent; e.g., what a fault is, how they form,
and concepts of plate tectonics.
These earthquakes pose another hazard that is rarely acknowledged. Although these
earthquakes are located within the Precambrian basement rocks, displacements may cause small
shifts along overlying Paleozoic faults. This could break the seals on structures (usually domes)
where natural gas is stored near the city of Chicago. The Upper Midwest (“East North-Central”
on Figure 1.4.1) region of the country has the largest underground storage of natural gas in the
United States, with storage in dome structures, old salt mines/caverns, old mines, depleted
aquifers, and hard rock caverns (INGAA Foundation, Report F-9503, 1995).

Figure 1.3.1: From INGAA Foundation report F-9503 (1995) shows the working gas storage capacity for each region within the
United States. Notably that the East North Central region makes up about 33.4% of the US’s capacity, which is potentially at risk
from events such as Lily Lake 2010.
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Various hypotheses have been suggested for northern Illinois seismicity, including
isostatic rebound after glaciation (Wollard, 1969), crustal block ‘jostling’, (McGinnis and Ervin,
1974) and plate-tectonic scale stressing and reactivation of favorably oriented faults (Hamburger
and Rupp, 1988). This study examines the hydroseismicity hypothesis as a triggering
mechanism for small earthquakes in the area.
In a larger context, this study helps illuminate the concept of hydroseismicity as a trigger
mechanism for intraplate earthquakes. Other intraplate areas appear to have had earthquakes
triggered by hydroseismicity (Doblas, 2014) and (Heinicke, 2017). This study will hopefully aid
in the understanding of small intraplate earthquakes, and hopefully help researchers answer
questions from the media and general population, as well as realistically gauge the risks to
infrastructure such as gas storage facilities.
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Chapter 2
Geologic, Structural and Seismotectonic Setting
2.1 Wisconsin Arch
The study area lies on the east flank of the Wisconsin Arch and western edge of the
Michigan Basin. The Wisconsin Arch is a structural component located in southern Wisconsin
and northern Illinois. The arch is believed to overlie a Precambrian basement uplift. The arch
began to form during the late St. Croixian Epoch (Cambrian) and was well established by the
time of deposition of the Prairie du Chien Formation in the Early Ordovician. Fauna from this
formation shows epeiric seas at that time. Precambrian rocks are overlain by the Cambrian Mt.
Simon and Ironton-Galesville Formations (quartz arenites), which is overlain by the Ordovician
Eminence-Potosi Dolomite, and Prarie du Chien Formation (interbedded dolomite with quartz
arenite), which is capped to the north by Ordovician St. Peter (quartz arenite) and Glenwood
Formation (sandy-shale). Further south, into Illinois, dolomites of the Galena-Plattville Group
cap the arch. This arch is the structural high dividing the northern portion of the Michigan Basin
from the Forest City and Illinois Basins as shown in Figure 2.1.1. Several other structures border
this arch, namely the Sandwich, Plum River and Waukesha fault zones.

7

Figure 2.1.1: Map of the midwestern United States showing the position of the Wisconsin Arch,
Kankakee Arch, Mississippi River Arch, Forest City, Michigan and Illinois Basin (from
Collinson et al., 1988).
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Table 2.1.1: Generalized stratigraphic column for units above the Precambrian for the
Wisconsin Arch and northeastern Illinois (from Burch, 2008).

Figure 2.1.2: Map with structural features of northern Illinois. Noted features: Wisconsin Arch, Des Plaines disturbance,
Sandwich and Plum River fault zones (Nelson, 1995). The red line marked represents the 3rd Principal Meridian which is used
for land surveying in Illinois.
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2.2 Waukesha Fault
The most relevant mapped fault to this study is the Waukesha fault zone located within
southeastern Wisconsin and northeastern Illinois. This high angle normal fault dips
approximately 70o southeast with average trend of N 19°E and displacement of 30 m (near
surface) up to 450 m (at depth) (Skalbeck, 2004). The fault is believed to originate in
Precambrian basement rocks, primarily composed of granite, slate and quartzite which dip to the
east (Distelhorst, 1967). Based on gravity modeling, Sverdrup et al. (1997), suggested gabbro
may also be present within the Precambrian section, although wells have not confirmed this. A
coupled gravity and aeromagnetic survey done by Skalbeck (2004), reveals different gravity and
magnetic signatures on either side of the Waukesha fault, implying that this fault is a suture zone
between two different Precambrian terranes, possibly the Yavapai and Mazatzal Precambrian
terranes. The extent of the fault into Illinois is poorly constrained as it is only visible at a few
scattered outcrops in southeastern Wisconsin. This fault is notably important to this study as the
trend of N 19°E is subparallel to observed focal plane solutions and possible fault geometries
within the Fox River Basin.
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Figure 2.2.1: Bouger Anomaly map of southeastern Wisconsin, with Waukesha fault shown
(black) and study area shown by seven Wisconsin counties (white). Solid dots indicate wells that
reach Precambrian basement rock, open circles indicate wells that reach the Cambrian section of
stratigraphy. This map demonstrates the different lithologies near the edge of the gravity
anomaly within the central portion of the study area (modified from Skalbeck, 2004).
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2.3 Fox River Valley
The Fox River Valley (drainage basin) is the focus area for this study. The Fox River
extends from eastern Wisconsin to northern Illinois until it joins the Illinois River. The Fox
River and its tributaries are the main hydrologic structures within the Fox River Valley. The
Illinois section of the valley consists of assumed Precambrian granitic/monzonitic basement
overlain by a thick succession of Cambrian sandstones, which in turn are overlain by Ordovician
Prairie du Chien (aquifer), the St. Peter Sandstone (aquifer), Galena-Plattville and Maquoketa,
and Silurian dolomite, which is finally overlain by a thick layer of glacial sediments (Nelson,
1995). Based on a seismic reflection line (Figure 2.3.2) collected near Lily Lake as part of the
Super Conducting Super Collider (SSC) proposal, as shown in Figure 2.3.2, Precambrian
basement is about 1.6 km deep (Heigold, 1990) and is overlain by a series of porous and
permeable sandstones, which contain major aquifers. Thus, this watershed and stream system
appears to be hydraulically connected to the porous and permeable subsurface rocks throughout
most of the study area. However, since hydraulic conductivity varies greatly between different
units, diffusivity may also vary.

Figure 2.3.2: A seismic reflection line across Lily Lake, Illinois (Heigold, 1990). This is within the Fox River basin and the location
for two events in this study. Precambrian basement is interpreted to be 1.6-1.7 km deep assuming an average P-wave velocity of
about 5 km/s for overlying sedimentary rock.
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2.4 Northern Illinois Precambrian Geology and Paleozoic History
Most earthquakes in northern Illinois originate in the Precambrian basement rocks, so a
discussion of mid-continent Precambrian geology is relevant. Precambrian lithologies within the
Fox River Valley are assumed to include: granites, monzonites, granodiorites, and rhyolites,
based on deep boreholes and outcrops in adjacent areas (Aiken et al., 1983; Hoppe et al., 1983;
Bickford et al., 1986; Sims and Peterman, 1986; Collinson et al., 1988). The oldest rocks found
in the region are Archean migmatic gneisses (3.0-3.8 Ga) which are exposed in various parts of
Minnesota. These are interpreted to be the remnant of a sialic proto-continent which was sutured
to the Superior Province of the Canadian Shield at about 2.6-2.7 Ga (Nelson, 1995). After the
suture of the volcanic greenstone/granite (Superior Province of the Canadian Shield) to the
granitic/monzonitic/gneissic terrane of the proto-continent, the region underwent crustal
extension at about (1.9-2.1 Ga) (Nelson, 1995). At about 1.85 Ga the Penokean orogeny
occurred with a volcanic island arc colliding with the Superior Province terrane in what is now
central and northern Wisconsin (Sims et al., 1987). This changed the regional stress setting from
an extensional to a compressional setting. At about 1.76-1.72 Ga the Yavapai terrane (possibly
another island arc) became joined to the Penokean and Superior Province (Nelson, 1995). At
about 1.69-1.65 Ga another collisional event joined (sutured) the Mazatzal to the Yavapai
terrane, probably near the current day Illinois/Wisconsin border (Nelson, 1995). Figure 2.4.1
demonstrates the terrane accretion geometry. This hypothesized suture zone is one of the most
important Precambrian structural features located within this region and may roughly coincide
with the Waukesha fault zone. This fault may have originally existed as a high angle thrust fault
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or reverse fault, later reactivated as an oblique normal fault with some transverse displacement
(Skalbeck, 2004). To the south at about at about 1.55-1.35 Ga the Eastern Granite-Rhyolite
Province (EGRP) accreted to the Mazatzal Province. The EGRP does not exist in our study area
but may affect the stress regime in northern Illinois since it underlies seismically active areas to
the south, such as the Wabash Valley and New Madrid Seismic Zone. Not much else is known
about the Precambrian history from 1.3 – 0.6 Ga within the area (Nelson, 1995).

Figure 2.4.1: Map showing the location and orientations of the Yavapai/Mazatzal suture zone
within northern Illinois and Wisconsin (after Whitmeyer and Karlstrom, 2007). This is the most
important Precambrian structural feature within the study area.
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The preserved Paleozoic stratigraphic record suggests that the region experienced uplift
and erosion during the Late Cambrian, Early Ordovician, and Early Pennsylvanian (Zeizel et al.,
1962; Buschbach, 1964; Kolata et al., 1978). The Early Pennsylvanian deformation probably
created the La Salle anticlinal belt, the Ashton arch, the Mississippi arch, and led to the tilting of
the Illinois basin to the south (Kolata et al., 1978). It is believed that most of the deformation
along the Sandwich and Plum River faults occurred during this time (Kolata and Buschbach,
1976; Kolata et al., 1978). McGinnis and Ervin (1974) and Hamburger and Rupp (1988) have
suggested, however, that late Paleozoic deformation represents only the latest period of
displacement and that the Sandwich and Plum River faults are reactivated Precambrian structures
which probably played a role in earlier uplifts as well. This recurrent fault movement suggests a
strong possibility of future faulting should midcontinental stresses intensify or become
redistributed. Late Pennsylvanian-Pliocene rocks are not preserved in this part of northern
Illinois, and glacial drifts rest directly on top of Ordovician, Silurian, or in rare cases,
Pennsylvanian strata. In this study area, drift thicknesses vary from 0 to over 100 m (Piskin and
Bergstrom, 1975). Glacial drift covering the Sandwich and Plum River fault zones suggest no
Pleistocene fault displacement (Kolata et al., 1978).
2.5 Northern Illinois Seismicity
Northern Illinois has experienced about 30 felt earthquakes in the past 210 years. Most
were within the 3-4 magnitude range and the majority of these earthquakes were not recorded
instrumentally, but only described in reports in newspapers. The largest historical earthquake in
northern Illinois was estimated to be 5.1 and occurred in May 26, 1909. Udden (1910) mapped
the intensities of the event. The epicenter for this event is up for debate with Udden, (1910),
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Heigold and Larson (1990), Nuttli and Hermann (1978) and Stover et al. (1979) placing the
epicenter near the state line close to Beloit, Wisconsin. Larson (2001) places the epicenter in
Ogle county, and Stover and Coffman (1993) place the epicenter in Will county. A very detailed
recent analysis of newspaper accounts places the epicenter in southern DeKalb County, near the
town of Sandwich, possibly along the Sandwich fault (Huysken and Fujita, 2013). This event
was felt over an area of 800,000 km2 with an intensity of VII (adjusted to the modified Mercalli
[MM] scale, originally from the Rossi-Forel scale) caused some minor damage in Winnebago,
Kane and Will Counties, according to local newspaper accounts. Table 2.5.1 shows the catalog
of felt earthquakes in northern Illinois for the past 210 years. The distribution of earthquakes in
the region have a general east-northeast trend, extending from Rock Island to Chicago, IL and
possibly into Michigan. Most instrumentally recorded shocks have hypocenters located within
the Precambrian basement of the upper crust above 20 km; a few events near the McCook
Quarry complex are much shallower depths and may be related to quarry activities. The
distribution of this seismicity of time and space is interesting. Earthquakes do not occur
randomly but appear to be temporally clustered, as statistical tests conducted by Carpenter et al.
(2011) showed. It is also quite striking that none of the felt earthquakes occur along mapped
faults. Some seismicity lies along structural trends such as the 1972 and 1999 earthquakes,
which fall close to the Peru monocline (a Paleozoic-era fold presumably draped over
Precambrian basement faults) (Hamburger and Rupp, 1988; Larson, 2002). Geophysical surveys
may help delineate these hidden faults. For example, the Lily Lake earthquake (2/10/2010),
appears to have occurred along a fault hypothesized by McGinnis (1966) on the basis of gravity
data, forming what he called the north bounding fault of the “DeKalb graben.” This area was
investigated during the Superconducting Super Collider (SSC) investigation in the late 1980s,
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Date
(mo/day/yr)

Origin
Time

Latitude
(ON)

Longitude
(OW)

8/20/1804

201000

42

87.8

6.0??

42.2

89.8

4.7

42.3

89.8

3.8

42.2

89.8

3.8

5/25/1881
11/28/1907

163000

11/28/1908

Depth
(km)

Magnitude
(Mb)

5/26/1909

144200

41.5

88.5

5.1

10/21/912

162100

41.5

88.5

4.7

42.3

89.1

3.6

9/25/1912
10/17/1913

21500

41.8

89.7

3.6

1/23/1928

91900

42

90

3.8

12/7/1933

55500

42.9

89.2

4.2

11/12/1934

144500

41.5

90.5

3.8

1/5/1935

184000

41.5

90.6

4.2

1/5/1935

184500

41.5

90.6

3.4

11/8/1938

53000

42.5

90.7

3

11/8/1938

71500

42.5

90.7

3

11/8/1938

73000

42.5

90.7

3

11/24/1939

194500

41.6

90.6

3.2

3/1/1942

144310

41.2

89.7

4

3/16/1947

153000

42.1

88.3

3.4

9/15/1972

52216

41.6

89.4

11/18/1977

151900

41.9

88

9/9/1985

220631

41.9

88

5

3

9/2/1999

161730

41.7

89.4

5

3.5

6/28/2004

61052

41.5

88.9

10

4.5

2/10/2010

95935

42

88.5

11

3.8

1/31/2012

35442.36

42.3386

88.201

8.68

2.3

6/10/2013

122938.6

41.98

88.5

7.16

2.6

3/25/2015

230849.62

42.189

88.329

11.82

2.9

11

4.4
2.9

Table 2.5.1: Modified from Stover and Coffman (1993), Larson (2001), NEIC (2010-2015),
catalogs seismic events of northern Illinois for the past 215 years, with the addition of shocks
and relocations from this study.

Figure 2.5.1: Stations (triangles) and epicenters (red dots) for felt earthquakes within northern Illinois. On this map only stations JFWS and HDIL were in
consistent operation during the early phase period of the study, later augmented by EarthScope stations, as discussed in Chapter 4 (after Carpenter et al., 2011).
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but no clear faulting was identified on the seismic reflection section for Lily Lake (Figure 2.3.2),
as noted by Heigold (1990).
The cause, or causes, of this seismicity is uncertain. Wollard (1969) originally
hypothesized post-glacial isostatic rebound caused these events. However, the largest
earthquakes in northern Illinois that were instrumentally recorded, (1972 and 1999) both had
strike slip motion (Hermann, 1979; Larson, 2001). Also, seismicity decreases to the north,
where rebound would be the greatest. McGinnis and Ervin (1974) proposed the hypothesis of
“jostling Precambrian crustal blocks of varying density” to account for these earthquakes.
Larson (2001) hypothesizes that intraplate seismicity in the region ultimately derives from plate
tectonic forces acting upon “weak zones in the rigid lithosphere” as it is being carried by the
asthenosphere (“ridge push”).

21

Chapter 3
Literature Review on Hydroseismicity Hypothesis
3.1 Reservoir Induced Seismicity
The hydroseismicity hypothesis has its origins in reservoir induced seismicity (RIS)
involving the creation of a dam and subsequent filling of the reservoir behind it. Typically,
seismic events associated with RIS range from microearthquakes to magnitude 6 and above
(Simpson, 1976). These events are either strike-slip or normal faulting events; no thrust or
reverse faulting has been associated with RIS (Simpson, 1976). Two mechanisms cause RIS: (1)
the geostatic stress increase from the weight of the water of the reservoir, and (2) the increased
pore pressure at depth. In order to trigger earthquakes, the geostatic stress increase and increased
pore pressure (decreasing the effective stress [ normal stress – pore pressure] on the fault plane)
have to be superimposed upon a pre-existing critically stressed fault or fracture. Thus RIS
typically has a bimodal distribution of earthquakes with respect to time. ‘Fast Response’
earthquakes are associated with the water level increase and loading of the reservoir. These
events occur within days to months, or within one year of initial filling, and generally occur
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during each water level increase. The ‘Fast Response’ events typically have very shallow
hypocenters and are located directly beneath the reservoir. The vertical stress increases most,
with horizontal stress increasing less, thus enlarging the Mohr circle, which may intersect the
failure envelope. These events tend to be small (< Mag 3) (Simpson, 1976). During loading it
appears that water depth of the reservoir, not necessarily the total volume of impounded water,
directly correlates to the ‘Fast Response’ earthquakes (Rothe, 1973).
The ‘Slow Response’ earthquakes, on the other hand, occur months or years after filling
of the reservoir has stopped. These events are larger with deeper hypocenters that are located
farther away from the reservoir. These ‘Slow Response’ events are correlated to increased pore
pressure from the reservoir, reducing the effective stress on a fault, which is critically or near
critically stressed. For the lifetime of a reservoir after loading is complete, seismicity gradually
diminishes (Jacob et al., 1979). However, the ‘Slow Response’ earthquakes after loading is
complete are the large earthquakes that can damage the dam and pose a threat to communities
near and downstream of the reservoir (e.g. Koyna, Aswan Dam, Hoover etc.).

3.2 Injection Induced Seismicity
Multiple environments are susceptible to injection induced seismicity. Examples include
waste water injection, flowback water deep injection, and geothermal induced seismicity.
As with RIS, subsurface pore pressures are increased, which reactivates existing fluidfilled faults as a result of a reduction in effective stresses due to pore pressure increase. This is
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analogous to the ‘Slow Response’ quakes from RIS. ‘Fast Response’ earthquakes do not occur
since surface loading does not occur. Injection enhancing pore pressure shifts the Mohr circle
left until it intersects with the Coulomb-Mohr failure criterion, causing failure and Figure 3.2.1
demonstrates this trigger mechanism within Mohr space.
Figure 3.2.1: This figure demonstrates the
application of pore pressure upon the stress
state of a fault. σ1 is the largest compressive
stress and σ3 the least compressive stress.
With the addition of pore pressure the Mohr
circle shifts left and intersects the failure
envelope (Coulomb-Mohr Failure
Criterion). Typically this occurs at 120° in
Mohr space and 60° with respect to σ3 in
real space, relative to the orientation of
primary stresses.

Typically, induced seismicity occurs in areas where regional tectonic stresses create
conditions of critically stressed faults near failure. These earthquakes can happen in locations
previously thought to be seismically inactive. For example, Oklahoma is now a notably
seismically active location within the United States primarily due to induced seismicity occurring
through flowback and wastewater injection associated with hydrocarbon extraction, fracking
(Keranen et al., 2013). Figure 3.2.2 demonstrates how the number of Oklahoma earthquakes and
the density of these events compare to a traditionally seismically active area (California).
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Figure 3.2.2: From Keranen et al., 2013,
demonstrating the seismic density of these
induced events within this quadrangle in
Oklahoma. The density of these events (number
of earthquakes per square 1000km) exceeds that
of California from the year 2012 and onwards.
This coincides with the increase of hydraulic
fracturing and fracking in the area and the
subsequent injection of wastewater.

Since injection induced seismicity is triggered by an increase in pore pressure, this is a
similar trigger mechanism to that of hydroseimicity which, as well, deals with an increase in pore
pressure.

3.3 Hydroseismicity -- Biot’s Slow Wave
3.3.1 Biot’s Theory
Biot’s (1941) theory of poroelasticity yields wave equations for a fluid-saturated porous
medium, and are the starting equations used in this study. Biot’s focus was on seismic
exploration and high-frequency seismic waves. However, the theory also predicts the diffusion
“slow wave” that produces ‘slow response,’ injection-induced and hydroseismicity. The theory
uses partial differential equations of coupled flow and stress fields to propose the existence of
elastic and fluid compressional waves from a given source (Biot, 1941). These compressional
waves correspond to in-phase and out-of-phase relative displacements of the matrix and porefluid respectively. This theory also investigates these phenomena at high and low frequencies, as
well as the viscoelastic and viscodynamic responses. The existence of three body waves is
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predicted: two compressional P waves and a single shear S wave. Two of these waves are the
elastic Biot’s fast compressional wave (P wave) and shear (S) waves. These are fast waves
corresponding to typical elastic properties, i.e. they pass through the matrix grains at several
km/s and these are the waves recorded in seismic exploration. The third wave is Biot’s slow
wave which corresponds to an out-of-phase, pure pore-fluid pressure diffusional wave. This
wave only passes through the pore fluid.
Biot’s poroelastic theory states for elastic waves in this porous space, attenuation is due
to the relative motion of matrix and pore-fluid. This attenuation affects each elastic wave
uniquely. In Biot’s poroelastic theory, attenuation is governed by permeability, dynamic fluid
viscosity, wave frequency, and elastic properties of the solid matrix. At high frequencies these
values reduce Biot’s equations into standard elastic propagation equations. Biot’s fast P and S
waves acoustically attenuate from the pore fluid motion relative to the elastic solid matrix i.e.
friction (this can be visualized as a “sloshing” motion). Biot’s slow wave is also attenuated
because the matrix and pore-fluid are moving out of phase relative to each other (Pride, 2005).
3.3.2 Biot’s Impulsive Slow Wave
In the context with this study, rainfall would statically load a saturated medium. That load
displaces the solid matrix grain much less than the pore fluid within that medium. The overall
addition of load will generate high frequency viscoelastic fast waves (Biot’s fast P and S waves),
as well as generate Biot’s slow wave from the difference in displacement between matrix grains
and pore-fluid. Within the seismic band of frequencies (<10 kHz), Biot’s slow wave is the
diffusion of a pure pore-fluid pressure wave and is ignored since the Biot slow wave propagates
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at a “velocity” of 0.5 m2/s to 1.5 m2/s with most bulk crustal estimates of about 1 m2/s (Shapiro,
1997). This means that Biot slow wave will not arrive until well after the other elastic wavelets.
Biot’s slow wave requires a change in bulk volume of a fluid-saturated matrix. If the
matrix’s compressibility is smaller than the fluid’s, then matrix deformation would exist as a
porosity increase. Pride (2005) and Silin et al. (2004), have shown that Biot’s wave equations
within the low frequency domain (within the seismic exploration band of frequencies, and below
the critical Biot frequency) can be used to yield the following equations and derivations.
Equation 3.3.2.1 is the starting point for groundwater pressure diffusion.
The equation
𝜕2 𝑝

=

𝜕𝑧 2

1
𝐷

𝜕𝑝

∗ 𝜕𝑡 ,

(3.3.2.1)

with a step-wise boundary condition yields,
𝑝(𝑧,𝑡)
𝑝(0,𝑡)

𝑧

= 1 − 𝐸𝑟𝑓[2√𝐷𝑡]

(3.3.2.2)

as a solution (Costain and Bollinger, 1991;1996). Biot’s slow wave can be re-defined as D,
hydraulic diffusivity (m2/s) (Freeze and Cherry, 1979). Equation 3.3.2.2 describes the downward
moving plane pore-fluid pressure wavefront in the z-direction. This can be interpreted as
overpressure at a distance z, with z = 0 at the water table. To solve for a overburden pressure at
time (t), depth (z), and hydraulic diffusivity (D),

lim [

𝑝0 𝐸𝑟𝑓(

∆𝑡→0

where when p0 = 1 and t > 0 yield

𝑧

2√(𝑡−∆𝑡)𝐷

𝑧
)
2√𝑡𝐷

)−𝑝0 𝐸𝑟𝑓(

∆𝑡

]=

−𝑧2

𝑝0 𝐷𝑒 4𝐷𝑡 𝑧
3

2√𝜋(𝐷𝑡)2

(3.3.2.3)
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𝑝(𝑡, 𝑧, 𝐷) =

𝐷𝑒 4𝐷𝑡 𝑧
3

(3.3.2.4)

2√𝜋(𝐷𝑡)2

which is the relation of overburden pressure for a given depth (z), time (t), and hydraulic
diffusivity (D) (Costain and Bollinger, 2010). In Chapter 6, this equation will be re-arranged to
solve for hydraulic diffusivity of the upper crust.

3.4 Hydroseismicity Hypothesis
In 1987 Costain and Bollinger developed the comprehensive hypothesis which described
the role of the hydrologic cycle in the generation of intraplate earthquakes. The hypothesis
incorporates geologic, mechanical, and chemical properties of the upper crust. The hypothesis
is built upon previous correlations between rainfall, streamflow high-water stages and seismicity,
that were noticed over 100 years ago (Drake, 1912; Sayles, 1913). The hydroseismic model
quantifies changes in hydraulic head (energy per unit weight of water) over a specific surface
and models the changes in hydraulic head at depth. In other words the change in head at the
surface impacts pore pressures at depth, which when applied to a critically stressed fault, may
trigger failure and an earthquake.
In intraplate regions the hydroseismicity hypothesis requires several subsurface
conditions:
First, the region must be critically stressed for hydroseismicity to trigger earthquakes i.e.
the fault must be stressed to the point of near-failure.
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Second, the fractures and faults must be fluid-filled. This is necessary for the porepressure diffusion wave (Biot’s slow wave) to impact pore pressure and effective stress (normal
stress – pore pressure). In our study earthquakes are occurring in granitic basement rocks at
depths ranging from 7 to 11 km (Haimson, 1983). Ito and Zoback (2000), obtained data from 37 km depth in the KTB Scientific Drillhole (Bavaria, Germany) and showed that the granite was
highly fractured, and fractures were fluid filled, despite being under immense confining stresses,
demonstrating that fluid-filled fractures can exist at depth under immense confining stresses. Ito
and Zoback (2000) noted that bulk permeability at (3 – 7 km depth) appears to be controlled by
critically stressed fractures and faults, which is also reported by Barton et al. (1995) at much
shallower depths. In a more recent study Hainzl (2006) showed that an increase in pore pressure
by only 0.01 MPa could be enough to trigger failure on these fractures.
The third condition is that the fault/fracture must be hydraulically connected to the
surface so that Biot’s slow wave (diffusive wave) can propagate downward through
interconnected pores. In the Fox River watershed, sediments and sedimentary rocks (shales,
sandstones and carbonates) overlie granite at approximately 1.6-1.7 km depth (Heigold, 1990).
Aquifers and aquitards overlie the Precambrian basement, so diffusivity will vary in different
units according to D = K/Ss where K is hydraulic conductivity and Ss is specific storage (Costain
and Bollinger, 2010), but the diffusive wave should continuously propagate downward as all
units are saturated.
RIS-type ‘fast response’ has not been observed in the study area. Thus it is assumed in
testing the hydroseismicity hypothesis that a substantial lag time will occur between
rainfall/water table rise events and the observed seismicity, due to the slow propagation of the
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Biot’s slow wave. Deeper hypocenters triggered in this way should have a greater lag time than
shallower events.

3.5 Hydroseismically Active Regions
Earthquakes in other locations have recently been correlated with hydroseismicity: some
examples include Jaen Spain, Novy Kostel Bohemia and possibly the New Madrid Seismic Zone
(NMSZ) (Doblas, 2014; Heinicke, 2017; Costain and Bollinger, 2008). These locations show
similarities in some ways to the environment of the Fox River Valley, Illinois and provide
context for these types of events.
Jaen Spain: Most Iberian seismicity occurs on the northern and southern Alpine belts
(Betics and Pyrenees) which are the result of convergence with the African and Eurasian plates
(Doblas et al., 2014). Jaen does not lie in these seismically active areas, and as such, the
swarmquake seismicity of 2012/2014 was unusual. Jaen lies in an intraplate setting with low
seismic risk. The swarmquake events occurred within the granitic/monzonitic section of
stratigraphy with most hypocenters with depths of 1.5-7.5 km (Doblas et al., 2014). Events in
this area were then correlated to rainfall events in the months prior to these swarmquake events.
They were correlated using Biot’s slow wave propagation in predicting hypocentral depths from
associated lag time. It is believed that anthropogenic use of the aquifer system dramatically
lowered the water table for this region, which shifted the primary conduits for groundwater flow
and recharge from the sediments into the granite/monzonite section. Large rainfall events then
occurred, and after a subsequent lag time of 1 – 4 months the swarmquakes occurred. The
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seismic events of Jaen although occurring at shallower depths than our study, occur within a
granitic/monzonitic strata, which demonstrates that granitic/monzonitic basement lithology can
be effectively hydraulically connected to the hydrologic system above.
Novy Kostel: Novy Kostel is in Bohemia. This area is located on the border of the
Czech Republic and Germany. This area is an ancient highly fractured rift, with main tectonic
structures the NE-SW trending Eger rift, the NW-SE trending Marianske Lazne fault zone
(MLFZ), the NW-SE trending Wohlbacher fault zone (WFZ), and the N-S oriented PocatkyPlesna zone (PPZ) (Heinicke et al., 2017). This area has seen swarmquake activity for the past
30 years (since seismometers were emplaced) with typical depth ranges of 6-12 km. Figure 3.5.1
demonstrates the hypocentral depths of the swarms in the Novy Kostel region
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Figure 3.5.1:

After Heinicke et al., (2017).
This figure describes the hypocentral depths of
the 121 swarmquakes occurring in the Novy
Kostel region as well as known faults in the area.
Hypocenters in this intraplate region occur at a
range of 6-12 km depth. These events are
interpreted to be hydroseismic from rain events
corresponding to these swarmquakes.

The Novy Kostel area
swarmquakes have been
interpreted to be hydroseismic
due to the correlation of rainfall
and appropriate lag times for
Biot’s slow wave to reach these
hypocentral depths (Heinicke et
al., 2017). This area is important in the context of our study due to the hypocentral depths
recorded in Novy Kostel and similar geology to northern Illinois. This area experiences events
in the same depth range as seen in the Fox River Valley, Illinois. As such, the fact that this area
has successfully correlated rainfall to seismic events at this depth range provides support for
deeper hydroseismicity in intraplate areas.
The New Madrid Seismic Zone (NMSZ) extends from southern Illinois into Missouri,
Arkansas and Tennessee and is one of the most well known intraplate seismic settings. The
NMSZ has in the past produced large seismic events with magnitudes greater than 7 in 1811 and
1812 (e.g. Nuttli, 1973; Hermann and Canas, 1978; Zoback et al., 1980; Nelson, 1984; Costain
and Bollinger, 2008). Earthquakes generally occur within the Precambrian basement and are
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concentrated in a zone of weakness caused by the late Precambrian Reelfoot Rift, which includes
high density mafic and ultramafic intrusives (Ervin and El-Hussain, 1988). The events of the
NMSZ follow well defined linear trends implying reactivation of faults within zones of weakness
in the crust (Costain and Bollinger, 2008). Marshak (1996) stated, “The association of
earthquakes with the intersection of west to northwest trending fault zones and north to northeast
trending fault zones suggests that these intersectons are particularly susceptible to seismic
reactivation.” The NMSZ is south of the confluence of the Mississippi and Ohio rivers. This
makes the area uniquely hydraulically complex in addition to its structural complexity, and
several investigators have suggested hydroseismicity. Ervin and El-Hussain (1988), and Costain
and Bollinger (2008) hypothesize that some of these events are triggered through
hydroseismicity. Both of these studies correlated these events through changes in baseflow, not
overall water table changes. Figure 3.5.2 demonstrates the correlation between streamflow and
seismicity within the NMSZ.
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Figure 3.5.2: From Costain and Bollinger
(2008). Power spectrum of streamflow
changes compared to the power spectrum of
number of earthquakes within the NMSZ,
show a strong causal correlation. Fourier
analysis of streamflow values from Thebes
(IL) station, show strong correlation to
seismicity within the NMSZ.
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Chapter 4
Data Collection and Processing
4.1 Earthquake Seismic Data
Four earthquakes ranging in magnitude from 2.3 to 3.8, were recorded at eighteen
stations, occurring within the Fox River Valley in Illinois between 2010 and 2015. These events
comprise the earthquake dataset used in this study. These events were recorded through eighteen
broadband seismometers of the USArray and Transportable Array. These data are publically
available through the Incorporated Research Institutions for Seismology (IRIS) and can be
accessed through the IRIS website https://ds.iris.edu/wilber3/find_event (2/1/2019). Each event
has all stations that recorded the event, and waveforms available within SEED (Standard for the
Exchange of Earthquake Data) format. All earthquake data regarding arrival times for each
event at each station are listed within Appendix B of this study.
The seismic stations used in this study are from the TA (Transportable Array) and the TAA
(Transportable Array Adopted), as well as previously established stations of the Advanced
National Seismic System (ANSS) JFWS (Jewel Farm, WI) and HDIL (Hopedale Illinois). Until
installation of the TA through the EarthScope program, this area was sparse in terms of station

35

coverage (Figure 2.5.1) and as such, high resolution location of earthquakes less than magnitude
3 was not possible. The TA stations, deployed in late 2011, allowed much more precise location
of these small earthquakes (Figure 4.1.1). Once the TA moved eastward (during 2014-2015), some
of these stations were adopted and left in place as TAAs. The TAA data was used in locating the
2015 Lake in the Hills earthquake, and has proven useful in characterizing possible quarry-induced
earthquakes near McCook. The TA is presently deployed in Alaska and Hawaii. The event that
motivated much of this study was the 3.8 Lily Lake earthquake of Feb 10, 2010. However, as the
TA had not been deployed in northern Illinois, stations of the ANSS, DaVinci Academy,
Waubonsee College, and station DEK on the Northern Illinois University main campus were used
to obtain a hypocenter and focal solution.
All stations used in this study are listed and briefly described below.
HDIL: The Hopedale Illinois seismic station (ANSS), which has a latitude of 40.9° and longitude
of -90.23°, at an elevation of 219.4 m above sea level (located between Bloomington-Normal and
Peoria).
I42A: The Draeger Farm seismic station within the TA network has a latitude of 43.89° and
longitude of -88.91°, at an elevation of 298 m above sea level.
J42A: The Columbus seismic station within the TA network has a latitude of 43.32° and longitude
of -89.12°, at an elevation of 313 m above sea level.
J43A: The Natural Harvest Farm seismic station within the TA network has a latitude of 43.38°
and longitude of -88.42°, at an elevation of 322 m above sea level.
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JFWS: The Jewel Farm seismic station (ANSS) has a latitude of 42.91° and longitude of -90.25°,
at an elevation of 335 m above sea level.
K42A: The Prairie Point seismic station within the TA network has a latitude of 42.70° and a
longitude of -89.35°, at an elevation of 302 m above sea level.
K43A: The Burlington seismic station within the TA network has a latitude of 42.70° and a
longitude of -88.33°, at an elevation of 264 m above sea level.
L42A: The Oliver seismic station within the TA network has a latitude of 42.00° and a longitude
of -89.67°, at an elevation of 302 m above sea level.
L43A: The Garden Prairie seismic station within the TA network has a latitude of 42.18° and a
longitude of -88.74°, at an elevation of 266 m above sea level.
L44A: The Ryerson Woods seismic station within the TA network has a latitude of 42.18° and a
longitude of -87.91°, at an elevation of 202 m above sea level.
L46A: The Preston seismic station within the TA network has a latitude of 42.01° and a longitude
of -86.30°, at an elevation of 223 m above sea level.
M43A: The Waltham Township seismic station within the TA network has a latitude of 41.44°
and a longitude of -88.96°, at an elevation of 190 m above sea level.
M44A: The Midewin seismic station within the TA network has a latitude of 41.39° and a
longitude of -88.04°, at an elevation of 207 m above sea level.
M45A: The Boilermakers Shaker seismic station within the TA network has a latitude of 41.39°
and a longitude of -87.25°, at an elevation of 216 m above sea level.
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N43A: The Stutzman Family Farm seismic station within the TA network has a latitude of 40.94°
and a longitude of -89.17°, at an elevation of 215 m above sea level.
N44A: The Piper City seismic station within the TA network has a latitude of

40.80° and a

longitude of -88.13°, at an elevation of 202 m above sea level.
O48A: The Potomac seismic station within the TA network has a latitude of 40.26° and a longitude
of -85.16°, at an elevation of 300 m above sea level.
SFIN: The Lafayette seismic station has a latitude of 40.38° and a longitude of -87.10°, at an
elevation of 165 m above sea level.
This study relocated three of these events and used IRIS auto-picked arrival time data, as
well as location of each station to delineate our result of the better constrained hypocenter. This
was done using the program HYPO71 (Lee and Lahr, 1975). The process in which these
earthquake events were located is described in Chapter 5 of this study.

HYPO71 was a

earthquake location program written in 1971 with original interface of batch processing. This
program locates earthquakes using Geiger’s method, that was the core functionality of its
predecessor HYPOLAYR (1969). The version used to locate earthquakes in this study was the
PC version of the revised version of HYPO71 released in 1985. Although, other programs have
followed such as HYPOELLIPSE (1980) and HYPOINVERSE (2000), functional PC versions of
these programs were not available and most enhancements in these newer programs involved
lateral velocity heterogeneity, and advanced crustal models. Given the paucity of information on
the upper crust in this region these other features are not necessary, and HYPO71 was deemed
perfectly adequate and chosen due to its ease of application.
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Figure 4.1.1: Map with station locations (triangles) and epicenters (red diamonds). Our event
locations are well within the seismic array, which lends confidence to our relocation results.
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4.2 Rainfall Data Collection
Rainfall/precipitation data was used to identify precipitation events that would lead to
rises in the water table. This was chosen over streamflow data due to the fact that rainfall and
streamflow would be correlated, however rainfall data does not have upstream effects
complicating the situation. Rainfall was chosen as well due to the Elgin station’s central location
for our earthquakes. For example the Elgin station has a precipitation gauge, but the stream
gauge was deemed possibly untrustworthy due to its proximity immediately downstream of the
Elgin Water Treatment Facility. Six years of monthly rainfall data was collected at the Elgin
Station within Kane county. Station USGS 420354088170500 Elgin Water Treatment Facility
was chosen due to the central location within our earthquake dataset. All rainfall data was
collected from this location as to be consistent, and that this location should have precipitation
totals consistent with the region and study area. The years 2009 to 2015 comprise the
precipitation dataset that was used in this study. These data are publically available through the
USGS website
https://waterdata.usgs.gov/il/nwis/inventory/?site_no=420354088170500&agency_cd=USGS
(2/1/2019). Data from this website occurs in daily and monthly totals of precipitation in inches.
All precipitation data used within this study is available in Appendix A of this study. This study
used the precipitation information to temporally correlate the Fox River Valley earthquakes to
months of peak rainfall.
Late in this study water well data from the Fox River basin became available online
through the National Ground-water Monitoring Network (NGWMN) at
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https://cida.usgs.gov/ngwmn/ (2/15/2019). Water tables in unconfined aquifers show a strong,
almost instantaneous response to large precipitation events.
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Chapter 5
Methods and Data Analysis
5.1 HYPO71
The earthquakes used in this study were originally identified and located by the U.S.
Geological Survey. Out of the four events within the Fox River Valley used for this study, the
U.S. Geological Survey could only obtain a reliable depth for the Lily Lake 2010 earthquake.
This earthquake was also the only one that had enough stations for a reliable focal plane solution.
All other earthquake depths were fixed at either 5 km or 10 km depth, to reduce the number of
variables during hypocenter location. This study relocated those three remaining earthquakes.
Using data from additional stations associated with the EarthScope TA several of these
earthquakes were relocated using the PC version of HYPO71, an earthquake location program
with a series of 14 subroutines: ANSWER, AZWTOS, BLOCK DATA, FMPLOT, INPUT1,
INPUT2, MISING, OUTPUT, SINGLE, SORT, SUMOUT, SWMREG, TRVDRV, and
XFMAGS (Lee and Lahr 1975; Lee and Valdez, 1985). This program locates earthquake
hypocenters using Geiger’s method (Geiger, 1912). Geiger’s method compares calculated
arrival times to observed arrival times which when this difference becomes small enough,
linearizes and is then solved. A brief review of Geiger’s method is as follows: Let the ith station

42

be located at (xi , yi , zi) and the observed arrival time Ti. Let ti be the computed arrival time
from a trial solution, and (Ri) the time residual for each station:
Ri = Ti – ti .

(5.0.1)

If the residual is a small value, a Taylor expansion and truncated series linearizes the problem
and yields
𝑅𝑖 =

𝛿𝑡𝑖
𝛿𝑥

𝑑𝑥 +

𝛿𝑡𝑖
𝛿𝑦

𝑑𝑦 +

𝛿𝑡𝑖
𝛿𝑧

𝑑𝑧 + 𝑒𝑖 .

(5.0.2)

The origin time and derivatives are computed via the crustal model, which allows this process to
adjust the vector (dt, dx, dy, dz) to minimize the sum of errors, Σei2. This process is iterative,
and each iteration moves the hypocenter in accordance to t + dt, x + dx, y + dy, z + dz. During
each iteration the program solves a series of simultaneous equations (for these four unknowns)
from a generally larger number of P- and S-wave arrival times via a matrix inversion. In most
cases the number of arrival times will exceed four, so the problem is overdetermined. Thus
HYPO71 is a classic inverse program which calculates arrival times from a trial hypocenter and
origin time (the forward problem), compares them to the actual arrival times, and adjusts the trial
hypocenter and origin time to minimize the error (the inverse problem). Sometimes the matrix to
be inverted is ill-conditioned and computational problems arise. HYPO71 thus applies a stepwise regression (instead of a traditional multiple regression) to determine the adjustment vector.
The program iterates until the adjustment values fall below a certain threshold (set by the user).
This terminates the iterations and outputs the final result, earthquake origin time and coordinates
of the hypocenter, along with the results of each iteration.
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HYPO71 uses a station file, a crustal velocity model file, and a phase input file
containing the arrival times at each station (with descriptions described below in each respective
subchapter). HYPO71 utilizes the station with the earliest arrival time as the initial epicenter,
with an initial depth set by the user. A solution’s accuracy is displayed by its RMS value as well
as its ERH and ERZ values (as defined in Output subchapter). This was done in order to
minimize error in the solution and to find solutions of greatest confidence.
The 14 subroutines are briefly defined below from Lee and Lahr (1975).
ANSWER prints the intermediate results of the regression analysis (SWMREG) and is
used only for tracing the computation of a given earthquake. AZWTOS performs azimuthal
weighting of stations by quadrants. BLOCK DATA initializes values for short-distance
calculation, and for various constants used in the MAIN program. FMPLOT plots the first
motion patterns of the lower focal hemisphere for the given solution. INPUT1 reads in the
heading card which will reset test-variable lists, station list, crustal model, and control card.
INPUT2 reads in the phase list for a given event and instruction card. MISING checks to see if
there is a missing station that should have recorded the earthquake from the given station list and
phase list. OUTPUT prints the iteration results, and final hypocenter solution along with all
solution analysis metrics. SINGLE processes each earthquake through a series of processes, by
initially setting up a trial hypocenter, then applying Geiger’s adjustments in solving for the
matrix inversion, as well as computing error estimates. SWMREG does the actual computing of
Geiger’s adjustments in processing the matrix inversion and the step-wise regression to solve for
the travel time residuals and the Geiger adjustment vector. TRVDRV computes the horizontal
travel time and derivative of travel time for rays passing through the horizontal layer model.
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XFMAGS computes the maximum amplitude magnitude (XMAG) and the duration magnitude
(FMAG) from measurements at each station.

5.1.1 Station Input Files
Station input files are used to input locations, names, elevation, station delays, station
corrections for FMAG, and station corrections for XMAG. There are two station input formats:
Station Format No. 1 (the station delay model with a constant crustal velocity model), and
Station Format No. 2 (variable first-layer model). Format No. 1 was used in this study since two
crustal velocity layers were used to represent the entire study area due to lack of knowledge
about lateral velocity variations. Station corrections were also not applied due to lack of a
sufficient data base for determining station corrections (too few earthquakes and explosions had
been recorded to confidently establish station corrections). Figure 5.1.1.1 shows Station Format
1 used in this study. For our use within the study the station locations were our primary concern.
In order to accurately model hypocentral depths, stations need to be close to the epicenter of the
event. This has been a large problem within Illinois for seismicity research as until recently few
seismic stations existed in the area, and as such the coverage density was not favorable to
determine depths of small earthquakes. This changed with the introduction of the Transportable
Array (TA) system and subsequent adoption of many of the stations within the region to make
them permanent. With the introduction of the TA into the area the coverage density of the region
was dramatically increased and hypocenters could more confidently be estimated and their
depths calculated. As noted in Chapter 4 this study primarily uses the TA stations and
Transportable Array Adopted (TAA) stations.
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Figure 5.1.1.1: From Lee and Lahr (1975) shows the Station Format No. 1 for station input. The
original formatting is based on punched card files; however within the context of our study these
data were input as text files with correct spacing correlating to this format (fixed format in
FORTRAN).

5.1.2 Crustal Velocity Model
The crustal velocity model is employed in the forward model to accurately calculate
travel-times for each station. Crustal velocities are estimated from given lithologies of the
region. For our study the velocities were estimated for the sedimentary (Paleozoic) section (3
km/s) and the velocity of granite was used for the Precambrian section (6 km/s). These values
were based on previous work in this area including Heigold (1990), Carpenter et al. (2011) and
Davidov (2012). The crustal velocity models in HYPO71 are assumed to be composed of
horizontal layers, which is a reasonable approximation given that no information exists about
lateral velocity variations in the upper crust of this region. Figure 5.1.2.1 shows the crustal
velocity input format.
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Figure 5.1.2.1: From Lee (1975) is the input format for the crustal velocity model used in
HYPO71. In our study this was input as a .txt file using spacing correlating to the columns in the
figure.
5.1.3 Phase Input Files
This file inputs arrival times for each phase (P or S waves) for the given station list. This
is an integral part of the program which includes arrival times for P and S waves, as well as coda
length, first motion for each station and peak-to-peak amplitude. Weighting of the arrivals also
occurs during the input, which is used to reduce the impact of noisy stations. For this study
neither coda length, nor amplitude were input since the focus was on accurately calculating the
depths of these earthquakes and not focusing on the magnitude of the events. The program
weights P and S wave arrivals of stations closest to the epicenter more heavily; not all arrivals
will necessarily be used in calculating the hypocenter of the earthquake. This does not impact
the depth calculations as farther stations have little influence when calculating hypocentral
depths. Figure 5.1.3.1 shows the input parameters and format for the phase input file.
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Figure 5.1.3.1: Input parameters and format for the phase file (after Lee and Lahr, 1975).

5.1.4 Output Files
The output displays the results of the program, as well as all iterations, station lists and
arrivals, as well as errors associated with the solution and delays for each station-arrival pair.
The important aspects of the output file in the context for our study were the result and the
analysis of that solution, specifically, the RMS value, the ERH and ERZ values, and the solution
quality factor. The RMS value is the Root Mean Square, which is the error of time residuals
(mismatch between predicted and actual arrival time) in seconds. This is calculated by 𝑅𝑀𝑆 =
2

√∑ 𝑅𝑖 , where Ri is the time residual for the ith station, with NO being the total number of
𝑁𝑂
stations used in calculating the result. The lower this value the smaller the time residuals, giving
greater confidence in the result. ERH is the horizontal error in the epicenter in km. This is
calculated as 𝐸𝑅𝐻 = √(𝑆𝐷𝑋 2 + 𝑆𝐷𝑌 2 ) with SDX and SDY being the standard errors in latitude
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and longitude (in km). ERZ is similar to ERH but is the standard error in depth. ERZ is the
standard error in the focal depth in km, which is the standard deviation of the dataset divided by
the square root of N (N being the number of seismic events). Q is the solution quality factor, and
is intended to measure the reliability of the given solution. Q is taken as the average of QS and
QD rating. Figure 5.1.4.1 displays the Q ratings and meaning in regards to epicenter and focal
depth.

Figure 5.1.4.1: Lee and Lahr (1975) display the solution quality factor Q, this was used in our
study to assess accuracy of our result.
SQD is another solution analysis metric which is the display of the QS│QD factors as two
separate values. This is unlike the Q value which averages the QS and QD values. Figure
5.1.4.2 displays the process in determining the SQD values.

52

Figure 5.1.4.2: From Lee and Lahr (1975)
displays the parameters in which the QS
and QD values are calculated. GAP is
defined as the largest azimuthal separation
in degrees between stations.

The depths come from relocation using HYPO71, with input files and output files located
in the Appendix. These relocations were able to be done using data from IRIS and specifically
the TA and TAA stations. These solutions were checked by Wadati diagrams for each event to
compare origin times calculated between the methods. Table 5.1.4.3 shows the comparison
between the two origin time location methods. Wadati diagrams and their related tables are
located within Appendix C.

Origin Time
2012 Wadati
2012 HYPO71
2013 Wadati
2013 HYPO71
2015 Wadati
2015 HYPO71

Year Month Day Hr Min
2012
1
31 3
54
2012
1
31 3
54
2013
6
10 12
29
2013
6
10 12
29
2015
3
25 23
8
2015
3
25 23
8

Time Difference
Sec
(s)
42.424
0.064
42.36
39.07
0.47
38.6
50.5
0.88
49.62

Table 5.1.4.3 above shows origin times from Wadati method and HYPO71 are in general
agreement. The 2010 earthquake was not relocated for this study, since arrival times were not
available.
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Event
Lily Lake
McHenry
Campton Hills
Lake in the Hills

Date
Feb 10th
Jan 31st
June 10th
Mar 25th

Year
Latitude (D dm) Longitude (D dm) Depth RMS
ERH
ERZ
2010
41° 58.14'
88° 29.88'
11
N/A
N/A
N/A
2012
42° 20.21'
88° 12.06'
8.68
0.18
0.4
0.7
2013
41° 58.84'
88° 30.04'
7.16
0.12
0.5
3.4
2015
42° 11.34'
88° 19.76' 11.82
0.00
0.00
0.3

Table 5.1.4.4: Relocation results from HYPO71. Latitude and Longitude are in the degree, decimal minute format. The Lily Lake
earthquake was not relocated in this study but placed for context. Error of our results are quantified by RMS (Root Mean Square)
error, ERH (error in the horizontal plane) in km, and ERZ (error in the depth) in km. For the Lake in the Hills event our RMS error is
not 0, HYPO71 does not display anything if the value is 0. This means that the RMS error and ERH for the Lake in the Hills is within
the thousands place and not displayed in the program.
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Figure 5.1.4.5: Relocation of our events (red diamonds) and the USGS located events (blue
squares). The relocations were not far from the USGS located events but had better depth
constraints. The Lily Lake earthquake was not relocated in this study and as such has the same
location as the USGS location for that event.
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5.2 Sensitivity Analysis for Hydraulic Diffusivity
Sensitivity analysis is the variation of one variable relative to others in an equation to
determine the effect of said variable with other variables fixed. In the equation relating hydraulic
diffusivity to time and depth in Chapter 6, both time and depth were varied systematically to
analyze the behavior of hydraulic diffusivity values. Each variable (time, depth) were varied by
10% of their initial values and the hydraulic diffusivity was calculated from those variables.
This result was then placed in the corresponding grid which shows the change in diffusivity with
a 10% change in one variable. If the value was changed less than 10% then that variable did not
affect the solution substantially. This evaluates confidence of hydraulic diffusivity values
calculated via this equation. The results of the sensitivity analysis for our study showed the
values did not cluster (i.e. were sensitive to the variables) when time and depth were changed,
which lends confidence to hydraulic diffusivity values calculated this way.
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Chapter 6
Results and Discussion
6.1 Results
6.1.1 Hydraulic Diffusivity Equation
Equations 6.1.1.1 and 6.1.1.2 show how regional hydraulic diffusivity was calculated for
each event in the dataset. The following equation (Howell’s equation):
−𝑧2

𝑝(𝑡, 𝑧, 𝐷) =

𝑝𝑜 𝐷𝑒 4𝐷𝑡 𝑧
2√𝜋(𝐷𝑡)3/2

(6.1.1.1)

is an equation from (Howells, 1974) in which pore pressure (p) at depth (z) is calculated relative
to an instantaneous change in the overburden pressure (po) (e.g. a rainfall event) at a given lag
time, t, for a hydraulic diffusivity D:
𝑧2

D = 6𝑡 .

(6.1.1.2)

Based on the following derivation, in which equation 6.1.1.1 is solved for the relative maxima,
i.e. the greatest ratio of pore pressure at depth in relation to overburden (confining) pressure.
This point is assumed to be the point at which slip/failure would occur in the system. This
equation and pore pressure diffusion phenomenon corresponds to the Biot ‘slow wave’ discussed
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previously. Equation 6.1.1.2 was utilized in calculating hydraulic diffusivity values of the
events in the dataset, and those hydraulic diffusivity values were compared to estimated crustal
values. Table 6.1.2.1 shows the calculated hydraulic diffusivities for these events.
−𝑧2

So, to obtain equation 6.1.1.2, 𝑝(𝑡, 𝑧, 𝐷) =
and setting u = 𝐷𝑒

−𝑧2
4𝐷𝑡

𝑝𝑜 𝐷𝑒 4𝐷𝑡 𝑧
2√𝜋(𝐷𝑡)3/2

is normalized by setting p0 =1 N/m2 (1 Pa)

3

z, and v = 2√𝜋(𝐷𝑡)2 . Differentiating using the Quotient Rule
3 3

((vdu-udv)/v2), v2 = (2√𝜋𝐷2 𝑡 2 )2 = 4πD3t3
−𝑧2

3 1

(6.1.1.1.3)

−𝑧2 1

5

udv = = (𝑧𝐷𝑒 4𝐷𝑡 ) ∗ (3√𝜋𝐷 2 𝑡 2 ) = 3𝑧𝐷 2 √𝜋𝑒 4𝐷𝑡 𝑡 2

3 3
2 2

−𝑧 3

vdu = (2√𝜋𝐷 𝑡 )*( 4𝑡 2 ∗ 𝑒

(vdu-udv)/v2 =

−𝑧2
4𝐷𝑡

−𝑧2

3
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−√𝜋𝐷2 𝑧 3 𝑒 4𝐷𝑡
1

.
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3
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5
−√𝜋𝐷2 𝑧3 𝑒 4𝐷𝑡
(
)−(3𝑧𝐷 2 √𝜋𝑒 4𝐷𝑡 𝑡 2 )
1
2𝑡2

4𝜋𝐷 3 𝑡 3

(6.1.1.1.6)

and simplifying this statement yields:

𝑉𝑑𝑢−𝑈𝑑𝑣

(

𝑉2

1
2

) 2𝑡 =

−𝑧2
3
=𝑧2 1
1
5
∗(−√𝜋𝐷2 𝑧3 𝑒4𝐷𝑡 )
2𝑡 2
−(3𝑧𝐷 2 √𝜋𝑒 4𝐷𝑡 𝑡 2 )
1
2𝑡 2 (4𝜋𝐷 3 𝑡 3 )

(6.1.1.1.7)

and further simplification yields:
3

𝑉𝑑𝑢−𝑈𝑑𝑣

(

which resolves into

𝑉2

1

) 2𝑡 2 =

−𝑧2

5

=𝑧2

(−√𝜋𝐷 2 𝑧 3 𝑒 4𝐷𝑡 )−(6𝑧𝐷 2 √𝜋𝑒 4𝐷𝑡 𝑡)
7

8𝜋𝐷 3 𝑡 2

(6.1.1.1.8)
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(

𝑉𝑑𝑢−𝑈𝑑𝑣
𝑉2

1

(𝑒 4𝐷𝑡 )∗−𝑧(6𝐷𝑡−𝑧 2 )

) 2𝑡 2 =

3 7

.

(6.1.1.1.9)

8√𝜋𝐷 2 𝑡 2

𝑉𝑑𝑢−𝑈𝑑𝑣

Solving for the maxima of the equation, (

𝑉2

) = 0, within 6.1.1.1.9 there is only one term

than can equal 0 (with nonzero t and z) which is (6𝐷𝑡 − 𝑧 2 ), so when
(6𝐷𝑡 − 𝑧 2 ) = 0

(6.1.1.1.10)

and
𝑧2

D = 6𝑡 .

(6.1.1.2)

6.1.2 Hydraulic Diffusivity Values
Lag times between major precipitation events and earthquakes were measured, as shown
in Figure 6.1.2.1 and Table 6.1.2.1. Figure 6.1.2.1 shows the correlation between rainfall events
(on a monthly basis) at the Elgin station, correlating them to the seismic events. This time period
between month of peak precipitation and the event is defined in this thesis as ‘lag time.’ This is
the time (t) used in equation 6.1.1.2. to estimate average hydraulic diffusivity from the surface to
the depth of the earthquakes. As discussed in an earlier chapter, depths of these events were
calculated through HYPO71 with inputs, parameters and outputs within the Appendix. These
hypocentral depths (z) were used in equation 6.1.1.2. Hydraulic diffusivity values are shown in
Table 6.1.2.1 and average 1.075 m2/s, which given the uncertainties in the calculation, should be
rounded to 1.08 m2/s +/- 0.17 which compares favorably to many literature estimates of ~1
m2/s.

Figure 6.1.2.1: Shows the precipitation in inches vs the time (months in numeric format from 2009). Events are plotted in solid lines, while dashed lines
represent the year. From this figure lag times (arrows) can be calculated, lag time being defined as ‘time from peak precipitation to seismic event. In this figure
one year does not have an event that would be expected, early 2011. The TA was not emplaced until later in 2011 which missed the likely timing of the event
based off of 2010 precipitation data. Thus we expect there was an event that occurred in 2011 that was possibly not felt.
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Regional
Lily Lake 2010
McHenry 2012
Campton Hills 2013
Lake In the Hills 2015
Average
Lag Time (sec)
18144000 (210 days) 15552000 (180 days)
7776000 (90 days)
18144000 (210 days)
Hypocentral Depth (m)
11000
8680
7160
11820
2
Hydraulic Diffusivity (m /s)
1.11
0.81
1.1
1.28
1.08

Table 6.1.2.1: This table shows the lag time in seconds, lag time being defined as the time between peak precipitation and the seismic
event, hypocentral depth in meters, and the calculated hydraulic diffusivity in m2/s. The average of these values gives a value of 1.08
m2/s, which compared to literature estimates of 1 m2/s for basement rocks, is consistent with these events being hydroseismically
triggered.
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Figure 6.1.2.2: Lag time vs depth for our dataset. Dashed lines indicate different hydraulic diffusivities (D) and their depth values for
a given lag time. Our values cluster around a diffusivity of 1.08 m2/s which compares favorably to bulk crustal estimates of hydraulic
diffusivity, 1 m2/s (Shapiro, 1987)

10%
20%
30%
40%
50%
60%
70%
80%
90%
100%

1814400
3628800
5443200
7257600
9072000
10886400
12700800
14515200
16329600
18144000
Time
(seconds)

10%
1100
0.1111
0.0555
0.0370
0.0277
0.0222
0.0185
0.0158
0.0138
0.0123
0.0111

20%
2200
0.4445
0.2222
0.1481
0.1111
0.0889
0.0740
0.0635
0.0555
0.0493
0.0444

30%
3300
1.0003
0.5001
0.3334
0.2500
0.2000
0.1667
0.1429
0.1250
0.1111
0.1000

40%
4400
1.7783
0.8891
0.5927
0.4445
0.3556
0.2963
0.2540
0.2222
0.1975
0.1778

50%
5500
2.7786
1.3893
0.9262
0.6946
0.5557
0.4631
0.3969
0.3473
0.3087
0.2778

60%
6600
4.0013
2.0006
1.3337
1.0003
0.8002
0.6668
0.5716
0.5001
0.4445
0.4001

70%
7700
5.4462
2.7231
1.8154
1.3615
1.0892
0.9077
0.7780
0.6807
0.6051
0.5446

80%
8800
7.1134
3.5567
2.3711
1.7783
1.4226
1.1855
1.0162
0.8891
0.7903
0.7113

90%
9900
9.0029
4.5014
3.0009
2.2507
1.8005
1.5004
1.2861
1.1253
1.0003
0.9002

100%
11000 Depth (m)
11.1147
5.5573
3.7049
2.7786
2.2229
1.8524
1.5878
1.3893
1.2349
1.1114

Figure 6.1.2.3: Sensitivity analysis of Equation 6.1.1.2, with depth in meters (colored red), time in seconds (colored blue) and their
corresponding diffusivity values for the Lily Lake 2010 event. Values in green represent values similar to estimated hydraulic
diffusivity of uniform crust (~1 m2/s). Variables are changed in 10% increments due to the error on the time of precipitation in Table
6.1.2.1.
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6.1.3 Discovery of a new Lily Lake Fault
All hypocenters are plotted on Figure 6.1.3.3, along with their estimated body-wave
amplitudes (computed by USGS from amplitude of the S-wave). For the Lily Lake 2010
earthquake event NEIC calculated the moment tensor and focal planes for the event. The results
was two focal planes, one with a strike of 09° with a dip of 85°, and the other a strike of 100°
with a dip of 80°. Error in the focal plane solution is shown in Figure 6.1.3.2, which gives a
range in trend of NE trending possible focal planes to be N 10oE – N 16oE. In either case this
was a high angle transform fault occurring at Lily Lake. When the hypocenters for our dataset
are placed on a map with known structures in the area (Figure 6.1.3.3) the strike of these events
are similar to that of the focal plane striking N 16oE from Figure 6.1.3.2, this is the likely fault
plane, with the auxillary plane striking 106o. Our proposed fault (tentatively named the Lily
Lake Fault) has an approximate strike of N 16°E, and from the USGS/NEIC data would be a
high angle transform (strike-slip) fault.

Figure 6.1.3.1: This is the focal plane
solution from the USGS for the Lily
Lake earthquake 02/10/2010. T and P
are the axes of maximum and minimum
compressive stresses, respectively. The
orientations of T and P are consistent
with the maximum crustal stress
directions determined by Mueller et al.
(2000).
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Figure 6.1.3.2: This stereoplot of the Lily Lake earthquake 02/10/2010, uses data from the
USGS PDE (Preliminary Determination of Epicenters) for the event, with up first motions (red
filled circles), down first motions (blue hollow circles) and range of possible focal planes plotted
(dashed lines). This was done to determine error in the focal plane solution (Figure 6.1.3.1).
The focal plane is relatively constrained with NE possible fault ranging from N 10oE – N 16oE
trend, dipping at 89 – 90o; with the SE trending possible fault ranging from 100-106o trend and
dipping at 90o. The proposed Lily Lake fault with an approximate strike of N 16oE would fit as a
possible focal plane.

65

66

6.2 Discussion
6.2.1 Discussion of the Hydraulic Diffusivity Equation
Equation 6.1.1.2 is integral much of this study. This equation was derived from modeling
Biot’s slow wave moving through the fluid of a saturated medium. It was also derived from
Howell’s Equation which relates overburden pore pressure to pressure at depth over time for a
given regional hydraulic diffusivity. Equation 6.1.1.2 was derived Equation 6.1.1.1. This
equation was also utilized by Heinicke et.al (2017) in relation to earthquake swarms in northwest
Bohemia. Both equations are one-dimensional and have built in assumptions of uniform crustal
lithology, a porous and saturated medium, no change to fluid density or compressibility, with the
faults being fluid filled. For fluid wave triggering involving small pore pressure changes, the
faults must be critically stressed, i.e. on the verge of failure. Pore pressure wave diminishes with
depth, so for example, a pressure wave translated to a depth of 11 km is about 8% of total surface
overburden pore pressure. Thus, an assumption linking Equation 6.1.1.2 with earthquakes is that
the fault is critically stressed (very close to failure) and the earthquakes occur where maximum
pore pressure reaches the fault.
Figure 6.1.2.3 shows the sensitivity of the equation variables involved. For example, a
50% change in depth would result in a hydraulic diffusivity orders of magnitude different than
what was calculated for the Lily Lake earthquake. Equation sensitivity suggests the calculated
diffusivity values are realistic estimates and not artifacts of the equation itself. This lends
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confidence to the diffusivity value calculations and subsequently the hydroseismicity hypothesis
for these earthquakes in the Fox River Valley.

6.2.2 Discussion of Calculated Hydraulic Diffusivity Values
The hydraulic diffusivity values are consistent with a hydroseismic trigger for the Fox
River Valley earthquakes. The values were calculated using the earthquakes’ hypocentral depth,
and lag time which is defined in this study as “time between month of peak precipitation to the
time of the seismic event.” From Figure 6.1.2.1 lag times for each event were calculated, and
converted into seconds.
Earthquakes ranged between 7.3 and 11.8 km depth. This puts these hypocenters deep
within the granitic basement rock of the region. This suggests deviatoric stress levels in the area
are in critical equilibrium verging on failure.
Due to the limited size of the dataset, this study used sensitivity analysis to determine if
the calculated hydraulic diffusivity is representing a real signal, or a product of a small dataset.
The sensitivity analysis of Figure 6.1.2.3 gives confidence that these values are not clustered due
to dataset problems. These values average around 1.08 m2/s which when compared to Costain
and Bollinger estimate of ~1 m2/s for uniform crustal hydraulic diffusivity, lends confidence to
this hydroseismic trigger hypothesis.
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6.2.3 Discussion of Lily Lake Fault
The earthquakes from this dataset seem to lie upon an unmapped fault line. When the
hypocenters from this study are transposed upon a map of northern Illinois with other structural
features, they appear to possibly lie along a fault that is unmapped and subparallel to the
Waukesha Fault in southern Wisconsin. This newly discovered fault, the proposed Lily Lake
fault, also is approximately consistent with the strike of one of the focal plane solutions for the
Feb. 10th 2010 earthquake, as calculated by the NEIC (Figure 6.1.3.1) and USGS PDE data
(Figure 6.1.3.2). The Waukesha Fault is interpreted to be the suture zone between the Yavapai
and Mazatzal Terranes (Skalbeck, 2004), which is important as the possible Lily Lake fault could
be related to the Waukesha Fault and be associated with the collision of these terranes. The
proposed Lily Lake fault is located within the Precambrian strata, with unknown expression into
the Paleozoic strata (if any). Others have speculated on a fault line occurring at Lily Lake (e.g.
McGinnis, 1966), based on gravity data. This lends credence to the existence of a fault
underneath Lily Lake.
Figure 6.2.3.1 is a residual gravity anomaly map of northern Illinois with the earthquake
epicenters emplaced. The proposed Lily Lake fault may not have much expression on gravity
surveys for these depths. Although this residual gravity study by Daniels et al. (2008), has
relatively low resolution, we still see a somewhat linear trend along our hypocenters.
Figure 6.2.3.2 is a residual magnetic anomaly map of northern Illinois with the
earthquake epicenters emplaced. This map has higher resolution with our epicenters emplaced
on the map, they lie along a distinct linear anomaly trend. This gives confidence in our
proposition of a NE trending fault existing under Lily Lake.

Figure 6.2.3.1: Residual Bouguer gravity anomaly map after Daniels et al. (2008). Positive anomalies represent rocks with higher
densities than the regional average which was removed to show anomalies. Hypocenters are represented by yellow diamonds, and
follow a relatively faint trend within the mapped area.
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Figure 6.2.3.2: Residual magnetic anomaly map from Daniels et al., (2008), with the Fox River Valley earthquake hypocenters
plotted as yellow diamonds. This is the northern Illinois portion of a map comprised of 19 individual magnetic maps across Illinois,
Indiana and Ohio. Processing of the map includes the removal of the Definitive Geomagnetic Reference Field (DGRF), which allows
for anomalies to be highlighted. The data for this map also underwent other processing steps noted in Daniels et al., (2008). In this
map our hypocenters fall upon a distinct anomaly trend, which could be interpreted to be the boundary of two distinct Precambrian
provinces.
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6.2.4 Discussion of Regional Hydroseismicity
Hydroseismicity in the Fox River Valley requires three conditions: the area needs to be
critically stressed (as noted above), a favorably oriented fault must exist within the basement
rock that is fluid filled, and pore pressure wavefronts from the surface need to penetrate to
seismogenic depths. First, the upper mid-continent seems to be critically stressed, as most
intraplate settings probably are (Townend and Zoback, 2000). Secondly, when plotted the Fox
River Valley earthquakes follow an apparent fault trend with a strike subparallel to the
Waukesha fault system. Lastly, these events appear to be correlated to precipitation through lag
time analysis and, as such, follow Biot’s slow wave projections.
Lack of felt earthquakes following large precipitation events in early 2010 and early 2015
is a problem. An unfelt event may have occurred in late 2010 or early 2011 and not been
recorded, due to lack of instrumentation. It is unlikely, however that an event following the
precipitation event in 2015 would have been missed, given the seismic station coverage of the
area. One explanation might be the re-organizing of stresses in the region in response to these
earthquakes. Analysis of historical earthquakes and finite element models of intraplate
seismicity by Li et al. (2009), noted that intraplate events seem to cluster temporally. A fault
will trigger and have activity for a while and then ‘shut-off’ when the stress regime of the area
changes, or re-organizes. This is one possible explanation for what is happening in the study
area. Figure 6.2.4.1 demonstrates how intraplate events seem to occur at ‘random’ over short
time periods but form patterns over longer time intervals. Intraplate earthquakes “moving
around” pose a particular problem for seismic risk and hazard analysis, e.g. New Madrid and the
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Wabash Valley are active now: could activity shift to northern Illinois in the future since active
deep faulting has been identified? Seth Stein at Northwestern University refers to this as the
“Booby-trap” model of intraplate seismicity, based on a popular board game of the 1970s. A
more modern analogy might be the Jenga model of intraplate seismicity – you pull out one piece,
stresses shift, and you never know when pulling out another piece from a different location will
cause collapse.

Figure 6.2.4.1: Seismicity in an intraplate modelled setting over the course of 300, 3000, and 30,000 years from (Li et al., 2009). This
demonstrates how intraplate seismicity is clustered through time and space, and demonstrates how intraplate seismicity patterns are
timescale dependent. Our area has less than 300 years of instrumentally recorded seismicity, and as such, is the most similar to a).
This gives the impression that intraplate seismicity is randomly distributed, e.g. northern Illinois, even though the area has distinct
structural features. This figure also demonstrates how certain portions of these faults can activate for a time and then subsequently
shut-off, which is what we interpret to have occurred with the proposed Lily Lake fault. Patterns begin to emerge over large distances
by 3000 years.
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6.2.5 Discussion of Stresses and Stress Enhancement
Pore pressure increases caused by rainfall and subsequent water table rise in this area are
small, on the order of kPa. However, within the context of fluid-based intraplate seismicity,
these stresses can be sufficient to trigger events at seismogenic depths. Specifically, Hainzl
(2006) proposes that 3x10-4 MPa (0.3 kPa) can trigger a fluid-filled fracture. Table 6.2.5.1
shows our calculated stresses, and effective stresses at depth. About ~8% translation of
overburden pressure is felt at depth, water table rise from rainfall in the Fox River Valley yields
about ~6-20 kPa increase in surface pore pressure, which results in about 0.158 kPa average pore
pressure increase for these hypocenters at different depths. Stress estimates from rainfall in
Yellowstone National Park have a ~7 kPa overburden pore pressure increase will produce a ~1-2
kPa pore pressure increase at seismogenic depth, sufficient to cause earthquakes. This area has
noted seasonality-based seismicity, which can be interpreted as rainfall induced seismicity
(Christiansen et al., 2005). Although these values are incredibly small, Hainzl (2006) reported
triggering pressures of 300Pa (0.3 kPa), which lead them to conclude that the crust is at a critical
state and that multiple earthquakes can be triggered through incredibly small changes in pore
pressures. Other papers implicating very small pore pressure increases of this magnitude in
triggering seismicity include Saar et al. (2003), Nascimento et al. (2005), Christiansen et al.
(2005), Ge et al. (2009), Bollinger et al. (2010), Doblas et al. (2014) and Wilcock (2016).

D
Year Water Table rise (m) (of triggering month) (m^2/s) Time
Po (kPa) Depth (m)
P'/Po ratio P' (kPa)
2012
0.75
0.81 15552000
7.36
8680
0.083
0.61
2013
2.45
1.1 7776000
24.03
7160
0.083
1.99
2015
0.63
1.28 18144000
6.21
11800
0.084
0.52

Table 6.2.5.1: Calculations for the 2012 McHenry, 2013 Campton Hills, and 2015 Lake in the Hills earthquakes. D = Hydraulic
Diffusivity (m2/s), Po = overburden pressure, P’/Po = ratio of pressure at depth, P’ = pressure at depth. These values are based on
Howell’s equation (3.3.2.2) for the P’/Po ratio. Water table rise was calculated using the hydrographs located in the Appendix A. The
2010 Lily Lake earthquake is absent in this graph due to the closest well (Campton Township) not recording their water table data
until 2012. Values for 2012 and 2015 used wells that are located within populated areas that use groundwater, thus water table
changes can be affected by pumping rates. 2013 is located within the least populated area, and has the water table closest to the
surface, thus greater resolution can be seen in this well’s hydrograph.
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The values in Table 6.2.5.1 show only diffusive pore pressures and do not incorporate
any flow mechanisms or stress enhancement. Stress enhancement, i.e. pore pressure increases,
could occur at depth however. Nearly all permeability within the Precambrian (granites,
monzonites, gneisses, gabbros) would likely be secondary porosity, specifically fractures. This
type of permeability can increase hydraulic head, in a manner analogous to karstic aquifers. In a
system with a porous media overlying an impermeable fractured media Miller (2007) noticed a
stress increase within the fracture network of a karstic system. This system had an unsaturated
network overlying a saturated portion of the karstic network and proposed stresses at depth
orders of magnitude above Hainzl’s estimates. From Miller (2007) “The collection of the entire
watershed directly into this [karstic] system results in substantial increase in the hydraulic head
and the vertical stress.” The relationship to the Cambrian-Precambrian system is that overlying
our fractured Precambrian rock is Cambrian sandstones, which would act similar to their system.
Essentially, the stress enhancement is a volume problem, with water being forced into limited
space would increase hydraulic head of that fracture, enhancing fluid stresses at that depth.
Translating this to the Biot slow (diffusional) wave: if a diffusive (Biot slow) wave is moving
downward from a basal porous, permeable sandstone (e.g. Mt. Simon) and encounters crystalline
rocks with fractures, the diffusive pressure wave will be channeled into these fractures and
enhanced.

Figure 6.2.5.1: From Miller (2007) Idealized karstic system with unsaturated and saturated portions of a fractured karstic network. From Miller (2007) “The
collection of the entire watershed directly into this system results in substantial increase in the hydraulic head and the vertical stress.” In our system, the
unsaturated portion of the karstic network would be somewhat analogous to the saturated portion of porous media (Cambrian sandstones), and the saturated
portion of the karstic network would be analogous to the fractured Precambrian basement. In the model by Miller (2007) loading of this network would produce
fluid stresses at depth > 5km which are orders of magnitude greater than Hainzl (2006) estimates.
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Chapter 7
Summary and Conclusions
This study examines four earthquakes occurring within the Fox River Valley (basin and
watershed), Illinois. Three of these were relocated using the program HYPO71 to constrain
hypocentral depths, along with the depth computed by the USGS for the Feb. 10, 2010
earthquake. These events appeared to be correlated to months of peak rainfall, mostly during
previous summers, and in one case a previous spring.
In order to temporally correlate these events to peak months of rainfall, the hydraulic
diffusivity equation was re-derived and solved for hydraulic diffusivity (D), depth in m (z) and
time in seconds (t), which yielded equation 6.1.1.2. This equation was then analyzed through
sensitivity analysis. Sensitivity analysis showed that all variables in the equation were
significant, and as such gave confidence in the values derived from this equation.
Equation 6.1.1.2 was then used with the lag times and depths of these relocated events to
calculate hydraulic diffusivity (D). These hydraulic diffusivity values as a regional average were
1.08 m2/s, which favorably compare to literature estimates (e.g. Howell and Costain) estimates of
bulk crustal hydraulic diffusivity to be about 1 m2/s.
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These events were then placed on a map with known regional structures such as the
Waukesha Fault, Plum River and Sandwich Faults: an interesting geometry was noticed. The
hypocenters align, with strike subparallel to the Waukesha Fault. The strike of this fault was
about N 16oE, which was extremely close to the Waukesha Fault, and was similar to the USGS
focal plane solution for the 2012 Lily Lake earthquake, which had one of the solutions being N
09oE. The fact that this fault is subparallel to the Waukesha fault which is interpreted to be a
suture zone between the Yavapai/Mazatzal terranes, has a similar strike to the USGS focal plane
solutions, and is hosted within the Precambrian rock leads this study to conclude that there is a
previously unknown fault in northern Illinois, which this study provisionally names the Lily
Lake Fault.
This study finally discusses the small stresses from the rainfall events and possible
sources of stress enhancement at depth. In the discussion of Chapter 6, the stresses were
calculated and compared to literature estimates of triggering pressures and stresses. Although
the stresses felt at seismogenic depths are quite small, other earthquakes have been hypothesized
to be have been triggered by pore pressure increases of this magnitude. Also, loading a fractured
system may lead to enhanced stresses within the fracture itself. The hypocenters occur within
the Precambrian basement, which is composed of granites, monzonites, granodiorites, and
rhyolites, which is interpreted to be highly fractured (Aiken et al., 1983; Hoppe et al., 1983;
Bickford et al., 1986; Sims and Peterman, 1986; Collinson et al., 1988). The stresses within that
fractured medium would thus be enhanced compared to the Paleozoic section above.
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Three conclusions from this study:
(1) The Fox River Valley (basin and watershed) earthquakes 2010-2015 may have been
hydroseismically induced,
(2) A northeast-trending fault was discovered extending from Lily Lake to at least
McHenry, IL – this is subparallel to the Waukesha fault exposed in Wisconsin, and
(3) Rocks in the Precambrian crystalline basement in this area appear to be critically
stressed and close to failure. It would not be advisable to inject liquid wastes into
these rocks, including supercritical carbon-dioxide.

81

References
Aiken, O. W., Keller, G. R., Hinze, W. J. (1983), Geological Significance of surface gravity
measurements in the vicinity of the Illinois Deep Drill Holes: Journal of Geophysical Research:
Solid Earth, 88(B9), 7307-7314.

Barton, C. A., Zoback, M. D., & Moos, D. (1995). Fluid flow along potentially active faults in
crystalline rock. Geology, 23(8), 683-686.

Bickford, M. E., W.R. Van Schmus, and I. Zietz, (1986), Proterozoic history of the midcontinent
region of North America: Geology, v. 14, p. 492-496, doi: 10.1130/00917613(1986)14<492:PHOTMR>2.0CO;2.

Biot, M. A. (1941). General theory of three‐dimensional consolidation. Journal of Applied
Physics, 12(2), 155-164.

Bollinger, L., Nicolas, M., & Marin, S. (2010). Hydrological triggering of the seismicity around
a salt diapir in Castellane, France. Earth and Planetary Science Letters, 290(1-2), 20-29.

Burch, S. L. (2008). A Comparison of Potentiometric Surfaces for the Cambrian-Ordovician
Aquifers of Northeastern Illinois, 2000 and 2007. ISWS Data/Case Study DCS 2008-04.

Buschbach, T. C. (1964). Cambrian and Ordovician strata of northeastern Illinois. Report of
investigations no. 218.

Carpenter, P., McMakin, D., & Albrecht, M. (2011). Seismicity of northern Illinois: Insights
from recent earthquakes and a new review of historical sources. In Abstr. Progr. Geol. Soc.
Am (Vol. 43).

82

Christiansen, L. B., Hurwitz, S., Saar, M. O., Ingebritsen, S. E., & Hsieh, P. A. (2005). Seasonal
seismicity at western United States volcanic centers. Earth and Planetary Science
Letters, 240(2), 307-321.
Collinson, C., Sargent, M. L., Jennings, J. R., & Sloss, L. L. (1988). Illinois basin
region. Sedimentary cover—North American craton, US: Boulder, Colorado, Geological Society
of America, Geology of North America, 2, 383-426.

Costain, J. K., and G. A. Bollinger. (1991). Correlations between streamflow and intraplate
seismicity in the central Virginia, U.S.A., seismic zone: Evidence for possible climate controls,
Tectonophysics. 186, 193-214.

Costain, J. K., and G. A. Bollinger. (1996). Climatic changes, streamflow and long-term
forecasting of intraplate seismicity, Journal of Geodynamics. 22. pp. 97-117.

Costain, J. K. and G.A. Bollinger (2008). Intraplate seismicity, hydroseismicity, and predictions
in hindsight, Seismology Research Letters. 79, pp. 578-589.

Costain, J. K. and G. A. Bollinger. (2010). Review: Research Results in Hydroseismicity from
1987 to 2009, Bulletin of the Seismological Society of America, Vol. 100(5A), pp. 1841-1858.
doi: 10.1785/0120090288.

Costain, J. K., Bollinger, G.A., and Speer, J.A. (1987). Hydroseismicity: A hypothesis for the
role of water in the generation of intraplate seismicity, Seismology Research Letters, 58, 41-64.

Daniels, D.L., R.P. Kucks and P.L. Hill. (2008). Illinois, Indiana and Ohio Magnetic and Gravity
Maps and Data: A Website for Distribution of Data, USGS Data Series 321
(http://pubs.usgs.gov/ds321). Last accessed Feb, 22, 2019.

Davidov, V. (2012). Seismic Quality Factor (Q) of the Mid-Continental Crust From Regional
Earthquake Seismograms (Unpublished Master’s Thesis). Northern Illinois University, DeKalb,
Illinois.

83

Distelhorst, C., (1967). Bedrock formations of Milwaukee County (Unpublished Master’s
Thesis). University of Wisconsin-Milwaukee, Milwaukee, Wisconsin.

Doblas, M., Youbi, N., De Las Doblas, J., & Galindo, A. J. (2014). The 2012/2014 swarmquakes
of Jaen, Spain: a working hypothesis involving hydroseismicity associated with the hydrologic
cycle and anthropogenic activity. Natural hazards, 74(2), 1223-1261.

Drake, N. F. (1912). Destructive earthquakes in China. Bulletin of the Seismological Society of
America, 2(1), 40-91.

Ervin, C. P., and I. El-Hussain. (1988). Hydroseismicity—A viable trigger mechanism in the
New Madrid Seismic Zone?. Seismological Research Letters, 59(4), 285-288.

Freeze, R. A., and J. A. Cherry. (1979). Groundwater: Englewood Cliffs, NJ, Prentice-Hall, 604
p.

Ge, S., Liu, M., Lu, N., Godt, J. W., & Luo, G. (2009). Did the Zipingpu reservoir trigger the
2008 Wenchuan earthquake?. Geophysical Research Letters, 36(20).

Geiger, L. (1912). Probability method for the determination of earthquake epicenters from the
arrival time only. Bull. St. Louis Univ, 8(1), 56-71.

Haimson, B. C., & Doe, T. W. (1983). State of stress, permeability, and fractures in the
Precambrian granite of northern Illinois. Journal of Geophysical Research: Solid Earth, 88(B9),
7355-7371.

Hainzl, S., Kraft, T., Wassermann, J., Igel, H., & Schmedes, E. (2006). Evidence for rainfall‐
triggered earthquake activity. Geophysical Research Letters, 33(19).

Hamburger, M. W., & Rupp, J. A. (1988). The June 1987 southeastern Illinois earthquake:
Possible tectonism associated with the La Salle anticlinal belt. Seismological Research
Letters, 59(4), 151-157.

84

Heigold, P. C. (1990). Seismic reflection and seismic refraction surveying in northeastern
Illinois. Ill. State Geol. Surv. Environl Geol Notes 136, 52 p.

Heigold, P.C. and Larson T.H. (1990). Seismicity of Illinois. Ill State Geol Surv. Environ. Geol.
Notes 133, 20 p.

Heinicke, J., Woith, H., Alexandrakis, C., Buske, S., & Telesca, L. (2017). Can hydroseismicity
explain recurring earthquake swarms in NW-Bohemia?. Geophysical Journal
International, 212(1), 211-228.

Herrmann, R. B., & Canas, J. A. (1978). Focal mechanism studies in the New Madrid seismic
zone. Bulletin of the Seismological Society of America, 68(4), 1095-1102.

Herrmann, R. B. (1979). Surface wave focal mechanisms for eastern North American
earthquakes with tectonic implications. Journal of Geophysical Research: Solid Earth, 84(B7),
3543-3552.

Hoppe, W. J., Montgomery, C. W., & Van Schmus, W. R. (1983). Age and significance of
Precambrian basement samples from northern Illinois and adjacent states. Journal of
Geophysical Research: Solid Earth, 88(B9), 7276-7286.

Howells, D. (1974). The time for a significant change of pore pressure, Engineering Geology. 8,
135-138.

Huysken, K. T., & Fujita, K. (2013). A reevaluation of the intensities of the northern Illinois
earthquake of 1909. Bulletin of the Seismological Society of America, 103(5), 2810-2823.

Interstate National Gas Association of America (INGAA). (1995). Profile of Underground
Natural Gas Storage Facilities and Market Hubs. Report F-9503, Retrieved from
https://www.ingaa.org/File.aspx?id=30077.

85

Ito, T., & Zoback, M. D. (2000). Fracture permeability and in situ stress to 7 km depth in the
KTB scientific drillhole. Geophysical Research Letters, 27(7), 1045-1048.

Jacob, K. H., Pennington, W.D., Armbruster, J., Seeber, L. and S. Farhatulla. (1979). Tarbela
Reservoir, Pakistan: a region of compressional tectonics with reduced seismicity upon initial
reservoir filling. Bulletin of the Seismological Society of America, 69, 1175-1192.

Keranen, K. M., Savage, H. M., Abers, G. A., & Cochran, E. S. (2013). Potentially induced
earthquakes in Oklahoma, USA: Links between wastewater injection and the 2011 Mw 5.7
earthquake sequence. Geology, 41(6), 699-702.

Knapp, H. V. (1988). Fox River Basin Streamflow Assessment Model: Hydrologic Analysis.
Illinois State Water Survey. Surface Water Survey Contract Report 454.

Kolata, D. R., & Buschbach, T. C. (1976). Plum River fault zone of northwestern
Illinois. Circular no. 491.

Kolata, D. R., Buschbach, T. C., & Treworgy, J. D. (1978). The Sandwich fault zone of northern
Illinois. Circular no. 505.

Larson, T. H. (2001). The earthquake of September 2, 1999, in northern Illinois: big lessons from
a small earthquake. Environmental Geology Notes. 153.

Larson, T. H. (2002). The earthquake of 2 September 1999 in northern Illinois: Intensities and
possible neotectonism. Seismological Research Letters, 73(5), 732-738.

Lee, W. H. K., & J.C. Lahr. (1975). ΗΥPO71 (revised), a computer program for deterrnining
hypocenters, rnagnitude and first motion pattern of 1oca1 earthguakes, Open-Fi1e Rep. US Geol.
Surv, 75-311, 113 p.

Lee, W. H. K., and C.M. Valdes. (1985). HYPO71PC: A personal computer version of the
HYPO71 earthquake location program, Open-File Rep. US Geol. Surv, 85-749, 43 p.

86

Li, Q., Liu, M., & S. Stein. (2009). Spatiotemporal complexity of continental intraplate
seismicity: insights from geodynamic modeling and implications for seismic hazard
estimation. Bulletin of the Seismological Society of America, 99(1), 52-60.

Marshak, S., & T. Paulsen. (1996). Midcontinent US fault and fold zones: A legacy of
Proterozoic intracratonic extensional tectonism?. Geology, 24(2), 151-154.

McGinnis, L.D. (1966). Crustal tectonics and Precambrian basement in northeastern Illinois, Ill.
State Geol. Surv. Rep. Invest. 219, 29 p.

McGinnis, L.D. and C.P. Ervin (1974). Earthquakes and block tectonics in the Illinois basin.
Geology, 2, 517-519.
Miller, S. A. (2007). Note on rain-triggered earthquakes and their dependence on karst
geology. Geophysical Journal International, 173(1), 334-338.

Müller, B., Reinecker, J., & Fuchs, K. (2000). The 2000 release of the world stress
map. Available online at www. world-stress-map. org.

Nascimento, A.F., Lunn, R.L. and Cowie, P.A. (2005). Modeling the heterogeneous hydraulic
properties of faults using constraints from reservoir-induced seismicity. Jour. Geophys. Res.
110(B09201). doi: 10.1029/2004JB003398, 2005.

NEIC (2010-2015). National Earthquake Information Center, U.S. Geol. Surv.
https://earthquake.usgs.gov/contactus/golden/neic.php

Nelson, W.J., & Lumm, D.K. (1984). Structural Geology of southeastern Illinois and vicinity, Ill.
State Geol. Surv. Contract Report 1984-2.

Nelson, W. J. (1995). Structural features in Illinois. Ill. State Geol.Surv. Bull no. 100.

87

Nuttli, O. W. (1973). The Mississippi Valley earthquakes of 1811 and 1812: Intesities, ground
motion and magnitudes. Bulletin of the Seismological Society of America, 63(1), 227-248.

Nuttli, O. W. and R. B. Hermann. (1978). Credible Earthquakes for the Central United States.
U.S. Army Waterways Experiment Station, Miscellaneous Paper S-73-I, Report 12.

Piskin, K., & Bergstrom, R. E. (1975). Glacial drift in Illinois: thickness and character.
Champaign, Ill.: Illinois State Geological Survey, Circular 490, Prairie Research Institute.

Pride, S. R. (2005). Relationships between seismic and hydrological properties.
In Hydrogeophysics, 253-290. Springer, Dordrecht.

Rojstaczer, S.A., Ingebritsen, S.E. and Hayba, D.O. (2008). Permeability of continental crust
influenced by internal and external forcing. Geofluids 8, 128-139.

Rothe, J. P. (1973). Summary: Geophysical Report. Man-Made Lakes: Their Problems and
Environmental Impacts, Washington DC American Geophysical Union Geophysical Monograph
Series, 17, 441-454.

Saar, M. O., & Manga, M. (2003). Seismicity induced by seasonal groundwater recharge at Mt.
Hood, Oregon. Earth and Planetary Science Letters, 214(3-4), 605-618. doi: 10.1016/S0012821X(03)00418-7.

Sayles, R. (1913). Earthquakes and Rainfall, Bulletin of the Seismological Society of America. 3.
51-56.
Shapiro, S. A., Huenges, E., & Borm, G. (1997). Estimating the crust permeability from fluid‐
injection‐induced seismic emission at the KTB site. Geophysical Journal International, 131(2),
F15-F18.

Silin, D. B., V. M. Korneev, and T. W. Patzek. (2004). A hydrologic view on Biot’s theory of
poroelasticity. Lawrence Berkeley National Laboratory Report, 54459.

88

Simpson, D. W. (1976). Seismicity Changes Associated with Reservoir Loading. Engineering
Geology, 10. 123-150.

Sims, P. K., and Z. E. Peterman. (1986). Early Proterozoic Central Plains orogen: A major
buried structure in the north-central United States. Geology, 14. 488-491.

Sims, P. K., & Morey, G. B. (1987). Geology and metallogeny of Archean and Proterozoic
basement terranes in the northern midcontinent, USA; an overview (No. 1815). US Government
Printing Office.

Skalbeck, J. D. (2004). Coupled Modeling of Gravity and Aeromagnetic Data For Analysis of
the Waukesha Fault, Southeastern Wisconsin. Project Completion Report, University of
Wisconsin-Parkside.

Stover, C. W., Reagor, B. G., and Algermissen, S. T., (1979). Seismicity map of the state of
Illinois. US Geological Survey Miscellaneous Field Studies Map, MF-1143, scale 1:1,000,000.

Stover, C. W., & Coffman, J. L. (1993). Seismicity of the United States, 1568-1989 (revised). US
Geological Survey Professional Paper 1527. US Government Printing Office.

Sverdrup, K. A., Kean, W. F., Herb, S., Burkardt, S. A., & Friedel, S. J. (1997). Gravity
signature of the Waukesha Fault in southeastern Wisconsin. Geoscience Wisconsin, 16, 47-54.

Townend, J., & Zoback, M. D. (2000). How faulting keeps the crust strong. Geology, 28(5), 399402.

Udden, J. A. (1910a). Observations on the earthquake in the upper Mississippi Valley, May 26,
1909, Trans. Illinois State Acad. Sci. 3, 132–143.

89

Whitmeyer, S. J., & Karlstrom, K. E. (2007). Tectonic model for the Proterozoic growth of
North America. Geosphere, 3(4), 220-259.

Wilcock, W. S., Tolstoy, M., Waldhauser, F., Garcia, C., Tan, Y. J., Bohnenstiehl, D. R., ... &
Mann, M. E. (2016). Seismic constraints on caldera dynamics from the 2015 Axial Seamount
eruption. Science, 354(6318), 1395-1399.

Wollard, G. P. (1969). Regional variations in gravity. Washington DC American Geophysical
Union Geophysical Monograph Series, 13, 320-341.

Zeizel, A. J., Walton, W. C., Sasman, R. T., & Prickett, T. A. (1962). Ground-water resources of
DuPage County, Illinois. Cooperative Groundwater Report 2. Illinois State Water Survey and
the Illinois State Geological Survey.

Zoback, M. D., Hamilton, R. M., Crone, A. J., Russ, D. P., McKeown, F. A., & Brockman, S. R.
(1980). Recurrent intraplate tectonism in the New Madrid seismic zone. Science, 209(4460),
971-976.

90

Appendix A
Rainfall Data
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Year
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009

Precip
Month (inches)
1
2
3
4
5
6
7
8
9
10
11
12

1.17
2.45
5.08
5.31
4.18
6.17
2.44
6.57
0.7
5.85
1.69
3.78

Totals
Season (inches)
Wtr
8.84
Spr
14.57
Smr
15.18
Fal
8.24

46.83

Table A1: Rainfall data from Elgin (IL) station 4203540881 for the year 2009. All precipitation
is measured in inches with seasonal totals and yearly totals shown in table (right).

Year
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010

Precip
Month (inches)
1
2
3
4
5
6
7
8
9
10
11
12

1.2
1.29
0.85
3.5
6.12
4.21
8.98
2.84
4.05
1.04
1.22
1.45

Totals
Season (inches)
Wtr
6.27
Spr
10.47
Smr
16.03
Fal
6.31

39.08

Table A2: Rainfall data from Elgin (IL) station 4203540881 for the year 2010. All precipitation
is measured in inches with seasonal and yearly totals shown in table (right).
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Precip
Year Month (inches)
2011
1
1.21
2011
2
3.27
2011
3
2.73
2011
4
5.62
2011
5
8.22
2011
6
4.45
2011
7
5.76
2011
8
6.27
2011
9
4.49
2011
10
1.76
2011
11
4.14
2011
12
3.08

Totals
Season (inches)
Wtr
5.39
Spr
16.57
Smr
16.48
Fal
10.39

48.83

Table A3: Rainfall data from Elgin (IL) station 4203540881 for the year 2011. All precipitation
is measured in inches with seasonal and yearly totals shown in table (right).

Precip
Year Month (inches)
2012
1
1.42
2012
2
0.76
2012
3
1.82
2012
4
3.13
2012
5
1.57
2012
6
2.66
2012
7
2.75
2012
8
2.81
2012
9
2.09
2012
10
4.03
2012
11
0.69
2012
12
2.77

Totals
Season (inches)
Wtr
5.26
Spr
6.52
Smr
8.82
Fal
6.81

27.41

Table A4: Rainfall data from Elgin (IL) station 4203540881 for the year 2012. All precipitation
is measured in inches with seasonal and yearly totals shown in table (right).
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Precip
Year Month (inches)
2013
1
3.51
2013
2
3.01
2013
3
2.19
2013
4
7.42
2013
5
2.96
2013
6
3.86
2013
7
3
2013
8
2.7
2013
9
4.02
2013
10
1.79
2013
11
3.17
2013
12
1.14

Totals
Season (inches)
Wtr
9.29
Spr
12.57
Smr
9.56
Fal
8.98

40.4

Table A5: Rainfall data from Elgin (IL) station 4203540881 for the year 2013. All precipitation
is measured in inches with seasonal and yearly totals shown in table (right).

Precip
Year Month (inches)
2014
1
2.18
2014
2
1.81
2014
3
1.31
2014
4
2.72
2014
5
5.46
2014
6
5.89
2014
7
4.02
2014
8
6.77
2014
9
3.3
2014
10
2.7
2014
11
1.39
2014
12
1.19

Totals
Season (inches)
Wtr
5.13
Spr
9.49
Smr
16.68
Fal
7.66

38.96

Table A6: Rainfall data from Elgin (IL) station 4203540881 for the year 2014. All precipitation
is measured in inches with seasonal and yearly totals shown in table (right).
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Year
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015

Precip
Month (inches)
1
2
3
4
5
6
7
8
9
10
11
12

1.56
1.45
1.28
3.14
5.18
8.35
5.74
3.1
5.48
1.39
4.81
5.5

Totals
Season (inches)
Wtr
4.2
Spr
9.6
Smr
17.19
Fal
11.68

42.67

Table A7: Rainfall data from Elgin (IL) station 4203540881 for the year 2015. All precipitation
is measured in inches with seasonal and yearly totals shown in table (right).
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Figure A1: Hydrograph of well 45N9E-17.7h1 (9-MCH-S), showing depth to water table in feet. This well is located within
McHenry county and is the closest monitored well to our 2012 McHenry earthquake. Values for water table rise were calculated from
this hydrograph, and can be affected by pumping occurring within this region. This population uses groundwater and as such can
mute the water table rise due to changing pumping rates.

Figure A2: Hydrograph of well 40N7E-18.3h (Campton Township). This well is located near the relocated epicenter of our 2013
Campton Hills earthquake. Values for water table rise were calculated from this hydrograph, and can be lightly affected by pumping
occurring within this region.
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Figure A3: Hydrograph of well 43N9E-23.4e1 (North Barrington). This well was used due to its proximity to the 2015 Lake in the
Hills relocated epicenter. Values for the water table rise were calculated from this hydrograph, and are directly affected by pumping
of this region. This is a populated area which uses groundwater, and as such water table levels reflect the cone of depression by
pumping, and will affect water table level changes.
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Appendix B
Station Arrival Time Data

Figure B1: Waveforms and phase arrival times from the 01/31/2012 McHenry earthquake for station J42A (Draeger Farm). The
seismic station instrumentation was a Streckeisen STS-2 seismometer with Quanterra 330 Linear Phase Co processing.
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Figure B2: Waveforms and phase arrival times from the 01/31/2012 McHenry earthquake for station J43A (Columbus). The station
instrumentation was a Streckeisen STS-2 seismometer with Quanterra 330 Linear Phase Co. This signal was relatively noisy, and as
such had reduced weighting in our relocation for this event.
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Figure B3: Waveforms and phase arrival times from the 01/31/2012 McHenry earthquake for station K42A (Prairie Point). The
station instrumentation was a Nanometrics Trillium seismometer with 240 sec Response sn 400.

Figure B4: Waveforms and phase arrival times from the 01/31/2012 McHenry earthquake for station K43A (Burlington). The station
instrumentation was a Guralp CMG3T seismometer with Quanterra 330 Linear Phase Composite processing.
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Figure B5: Waveforms and phase arrival times from the 01/31/2012 McHenry earthquake for station L42A (Oliver). The station
instrumentation was a Guralp CMG3T seismometer with Quanterra 330 Linear Phase Composite processing.

Figure B6: Waveforms and phase arrival times from the 01/31/2012 McHenry earthquake for station L43A (Garden Prairie). The
station instrumentation was a Streckeisen STS-2 seismometer with Quanterra 330 Linear Phase Co processing.
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Figure B7: Waveforms and phase arrival times from the 01/31/2012 McHenry earthquake for station L44A (Ryerson Woods). The
station instrumentation was a Streckeisen STS-2 seismometer with Quanterra 330 Linear Phase Co processing.
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Figure B8: Waveforms and phase arrival times from the 01/31/2012 McHenry earthquake for station M43A (Waltham Township).
The station instrumentation was a Streckeisen STS-2 seismometer with Quanterra 330 Linear Phase Co processing.
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Figure B9: Waveforms and phase arrival times from the 01/31/2012 McHenry earthquake for station M44A (Midewin). The station
instrumentation was a Guralp CMG3T seismometer with Quanterra 330 Linear Phase Composite processing. This signal was very
noisy and as such had a heavily reduced weighting in our relocation of this event.
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Figure B10: Waveforms and phase arrival times from the 01/31/2012 McHenry earthquake for station M45A (Boilermakers Shaker).
The station instrumentation was a Streckeisen STS-2 seismometer with Quanterra 330 Linear Phase Co processing. The response at
this station was noisy and as such had a reduced weighting in our relocation of this event.
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Figure B11: Waveforms and phase arrival times from the 06/10/2013 Campton Hills earthquake for station K42A (Prairie Point). The
station instrumentation was the Nanometrics Trillium seismometer with 240 sec Response sn 400.
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Figure B12: Waveforms and phase arrival times from the 06/10/2013 Campton Hills earthquake for station K43A (Burlington). The
station instrumentation was a Guralp CMG3T seismometer with Quanterra 330 Linear Phase Composite processing.
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Figure B13: Waveforms and phase arrival times from the 06/10/2013 Campton Hills earthquake for station L42A (Oliver). The
station instrumentation was a Guralp CMG3T seismometer with Quanterra 330 Linear Phase Composite processing.
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Figure B14: Waveforms and phase arrival times from the 06/10/2013 Campton Hills earthquake for station L43A (Garden Prairie).
The station instrumentation was a Streckeisen STS-2 seismometer with Quanterra 330 Linear Phase Co processing.
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Figure B15: Waveforms and phase arrival times from the 06/10/2013 Campton Hills earthquake for station L44A (Ryerson Woods).
The station instrumentation was a Streckeisen STS-2 seismometer with Quanterra 330 Linear Phase Co processing.
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Figure B16: Waveforms and phase arrival times from the 06/10/2013 Campton Hills earthquake for station M43A (Waltham
Township). The station instrumentation was a Streckeisen STS-2 seismometer with Quanterra 330 Linear Phase Co processing.
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Figure B17: Waveforms and phase arrival times from the 06/10/2013 Campton Hills earthquake for station M44A (Midewin). The
station instrumentation was a Guralp CMG3T seismometer with Quanterra 330 Linear Phase Composite processing.
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Figure B18: Waveforms and phase arrival times from the 06/10/2013 Campton Hills earthquake for station M45A (Boilermakers
Shaker). The station instrumentation was a Streckeisen STS-2 seismometer with Quanterra 330 Linear Phase Co processing. The
horizontal component was missing from this recording; however, phase arrivals were done from the BHZ recording.
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Figure B19: Waveforms and phase arrival times from the 06/10/2013 Campton Hills earthquake for station N43A (Stutzman Family
Farm). The station instrumentation was a Guralp CMG3T seismometer with Quanterra 330 Linear Phase Composite processing.
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Figure B20: Waveforms and phase arrival times from the 06/10/2013 Campton Hills earthquake for station N44A (Piper City). The
station instrumentation was a Guralp CMG3T seismometer with Quanterra 330 Linear Phase Composite processing.

Figure B21: Waveforms and phase arrival times from the 03/25/2015 Lake in the Hills earthquake for station HDIL (Hopedale
Illinois). The station instrumentation was a Streckeisen STS-2 seismometer with I =90009 = Gen = Q330ST = 0888 parameters and
processing.
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Figure B22: Waveforms and phase arrival times from the 03/25/2015 Lake in the Hills earthquake for station I42A (Draeger Farm).
The station instrumentation was a Nanometrics Trillium seismometer with 240 sec Response sn 400. This station was previously
within the TA network but as that network moved east at that time, this station was adopted into the US Regional (N4) network.
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Figure B23: Waveforms and phase arrival times from the 03/25/2015 Lake in the Hills earthquake for station JFWS (Jewel Farm).
The station instrumentation was a Streckeisen STS-2 seismometer with I = 90009 = Gen = Q330SR = 0888 parameters and
processing.
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Figure B24: Waveforms and phase arrival times from the 03/25/2015 Lake in the Hills earthquake for station K43A (Burlington).
The station instrumentation was a Guralp CMG3T seismometer with Quanterra 330 Linear Phase Composite processing. This station
was previously within the TA network but as that network moved east at that time, this station was adopted into the US Regional (N4)
network.
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Figure B25: Waveforms and phase arrival times from the 03/25/2015 Lake in the Hills earthquake for station L42A (Oliver). The
station instrumentation was a Guralp CMG3T seismometer with Quanterra 330 Linear Phase Composite processing. This station was
previously within the TA network but as that network moved east at that time, this station was adopted into the US Regional (N4)
network.
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Figure B26: Waveforms and phase arrival times from the 03/25/2015 Lake in the Hills earthquake for station L44A (Ryerson
Woods). The station instrumentation was a Streckeisen STS-2 seismometer with Quanterra 330 Linear Phase Co processing. This
station was previously within the TA network, but as that network moved east at that time, this station was adopted into the TAA
(Transportable Array Adopted) network.

Figure B27: Waveforms and phase arrival times from the 03/25/2015 Lake in the Hills earthquake for station L46A (Preston). The
station instrumentation was a Guralp CMG3T seismometer with Quanterra 330 Linear Phase Composite processing. This station was
previously within the TA network, but as that network moved east at that time, this station was adopted into the US Regional (N4)
network.
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Figure B28: Waveforms and phase arrival times from the 03/25/2015 Lake in the Hills earthquake for station M44A (Midewin). The
station instrumentation was a Guralp CMG3T seismometer with Quanterra 330 Linear Phase Composite processing. This station was
previously within the TA network, but as that network moved east at that time, this station was adopted into the US Regional (N4)
network.
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Figure B29: Waveforms and phase arrival times from the 03/25/2015 Lake in the Hills earthquake for station 048A (Potomac). The
station instrumentation was a Guralp CMG3T seismometer with Quanterra 330 Linear Phase Composite processing. This station was
relatively noisy and as such had a reduced weighting within our relocation of this event.
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Figure B30: Waveforms and phase arrival times from the 03/25/2015 Lake in the Hills earthquake for station SFIN (Lafayette). The
station instrumentation was a Streckeisen STS-2 seismometer with I = 90009 = Gen = Q330SR = 0888 parameters and processing.
This station was relatively noisy and as such had a reduced weighting within our relocation for this event.
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Appendix C
Wadati Diagrams
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Station
L44A
K43A
L43A
M44A
K42A
M43A
J43A
L42A
M45A
J42A
Origin Time

P arrival S arrival Ts-p
(sec)
(sec)
(sec)
48
52
4
50
56
6
51
57
6
61
75
14
61
75
14
63
78
15
63
79
16
64
80
16
65
81
16
65
82
17
42.424

Table C1: P and S arrivals from the 01/31/2012 McHenry earthquake. All arrivals are in
seconds after 03:54:00 (hr:min:sec) in GMT on 01/31/2012. Origin time is calculated from
Figure C1.

Wadati 2012

y = 0.7436x - 31.547
R² = 0.9928

18
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0
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70
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Figure C1: Wadati diagram for the 01/31/2012 McHenry earthquake. P and S-arrivals are
measured in seconds after 03:54:00 (hr:min:sec) in GMT on 01/31/2012.
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Station
L43A
L44A
M43A
M44A
K43A
L42A
K42A
M45A
N43A
N44A
Origin Time

P arrival S arrival Ts-p
44
47
3
48
55
7
51
61
10
52
62
10
53
63
10
56
68
12
58
73
15
60
76
16
61
77
16
62
79
17
39.07

Table C2: P and S arrivals from the 06/10/2013 Campton Hills earthquake. The P and S arrival
times are measured after 12:29:00 (hr:min:sec) in GMT on 06/10/2013. Ts-p is defined as the Sarrival – P-arrival in seconds. Origin time is calculated from Figure C2 in seconds after 12:29:00
on 06/10/2013.

Wadati 2013
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Figure C2: Wadati diagram for the 06/10/2013 Campton Hills earthquake. P-arrival times are
measured after 12:29:00 (hr:min:sec) in GMT on 06/10/2013.
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Station
L44A
JFWS
HDIL
SFIN
048A
K43A
M44A
L42A
L46A
I42A
Origin Time

P arrival S arrival Ts-p
56
61
5
77
98
21
80
104
24
84
111
27
99
137
38
60
67
7
66
78
12
69
83
14
77
98
21
80
103
23
50.5099

Table C3: P and S arrivals from the 03/25/2015 Lake in the Hills earthquake. The P and S
arrival times are measured after 23:08:00 (hr:min:sec) in GMT on 03/25/2013. Ts-p is defined as
the S-arrival – P-arrival in seconds. Origin time is calculated from Figure C3 in seconds after
23:08:00 on 03/25/2015.

Wadati 2015
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Figure C3: Wadati diagram for the 03/25/2015 Lake in the Hills earthquake. P-arrival times are
measured after 23:08:00 (hr:min:sec) in GMT on 03/25/2013.
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Appendix D
HYPO71 Input/Parameter Files
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Head

FOX RIVER VALLEY 2012 EARTHQUAKE

Reset Test(06)=1

L44A4210.80 08754.60

0.25 0.25 8

K43A4242.00 08819.80

0.25 0.25 8

L43A4210.80 08844.40

0.25 0.25 8

M44A4223.40 08802.40

0.25 0.25 8

K42A4246.80 08920.00

0.25 0.25 8

M43A4226.40 08857.60

0.25 0.25 8

J43A4322.80 08825.20

0.25 0.25 8

L42A4200.00 08940.20

0.25 0.25 8

M45A4123.40 08715.00

0.25 0.25 8

J42A4319.20 08907.20

0.25 0.25 8

5.00 0.00
6.00 6.00

5. 50. 200. 1.73 2

18 1 1

1 11

L44AIP 0 120131035448.00

52.00IS 0

K43AIP 0 120131035450.00

56.00IS 0

L43AIP 0 120131035451.00

57.00IS 0

M44AIP 4 120131035501.00

15.00IS 3

K42AIP 3 120131035501.00

15.00IS 3

M43AIP 4 120131035503.00

18.00IS 3

J43AIP 3 120131035503.00

19.00IS 3

L42AIP 4 120131035504.00

20.00IS 4

M45AIP 4 120131035505.00

21.00IS 4

J42AIP 4 120131035505.00

22.00IS 4

Figure D1: Input text file for the 2012 McHenry earthquake. This input file contains the station inputs (first
portion), the crustal model (middle portion) and phase input (bottom portion). Directly above the phase inputs is the
control card which contains condition parameters such as trial hypocenter depth (5), distance in km from epicenter
where the weighting is 1 (50), distance in km from epicenter where the weighting is 0 (200), ratio of P-velocity/Svelocity (1.73), quality class of earthquake to be included in the summary (2), minimum number of first motions
before a first motion plot is created (18), the next sets within the control card allow the output to post results of each
iteration, to post auxillary RMS values, sort stations by distance, and have outputs for each individual station.
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HEAD

2013 Quake Relocation

RESET TEST(06)=1.
RESET TEST(11)=10.

L43A4210.80 08844.40

0.25 0.25 8

L44A4210.80 08754.60

0.25 0.25 8

M43A4126.40 08857.60

0.25 0.25 8

M44A4123.40 08802.40

0.25 0.25 8

K43A4242.00 08819.80

0.25 0.25 8

L42A4200.00 08940.20

0.25 0.25 8

K42A4246.80 08921.00

0.25 0.25 8

M45A4123.40 08715.00

0.25 0.25 8

N43A4056.40 08910.20

0.25 0.25 8

N44A4048.00 08807.80

0.25 0.25 8

3.00 0.0
6.00 3.0

5. 50. 200. 1.73 2

18 1 1

1 11

L43AIP 0 130610122944.00

47.00IS 0

L44AIP 0 130610122948.00

55.00IS 0

M43AIP 0 130610122951.00

61.00IS 0

M44AIP 0 130610122952.00

62.00IS 0

K43AIP 0 130610122953.00

63.00IS 0

L42AIP 0 130610122956.00

68.00IS 0

K42AIP 0 130610122958.00

73.00IS 0

M45AIP 0 130610123000.00

16.00IS 0

N43AIP 0 130610123001.00

17.00IS 0

N44AIP 0 130610123002.00

19.00IS 0

10

Figure D2: Input text file for the 2013 Campton Hills earthquake.

Below the header file, is the station input file, followed by the crustal
velocity model, followed by the control card, with final portion being the phase input file. The control card contains condition parameters such as
trial hypocenter depth (5), distance in km from epicenter where the weighting is 1 (50), distance in km from epicenter where the weighting is 0
(200), ratio of P-velocity/S-velocity (1.73), quality class of earthquake to be included in the summary (2), minimum number of first motions
before a first motion plot is created (18), the next sets within the control card allow the output to post results of each iteration, to post auxillary
RMS values, sort stations by distance, and have outputs for each individual station.
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HEAD

2015 Quake Relocation

RESET TEST(06)=1.
RESET TEST(11)=10.

L44A4210.80 08754.60 220 -0.16

0.25 0.25 8

JFWS4254.60 09015.00 335 -2.78

0.25 0.25 8

HDIL4033.50 08917.40 219 -3.33

0.25 0.25 8

SFIN4022.80 08706.00 165 -3.94

0.25 0.25 8

O48A4015.60 08509.60 300

0.25 0.25 8

K43A4242.00 08819.80 264 0.20

0.25 0.25 8

M44A4123.40 08802.40 207 0.36

0.25 0.25 8

L42A4200.00 08940.20 257 -0.13

0.25 0.25 8

L46A4200.60 08618.00 223 -1.48

0.25 0.25 8

I42A4353.40 08854.60 298 -2.78

0.25 0.25 8

5.00 0.0
6.00 6.0

7. 50. 200. 1.73 2

18 1 1

1 11 42 11.33 088 21.65

L44AIP 0 150325230856.00

61.00IS 0

JFWSIP 0 150325230917.00

38.00IS 1

HDILIP 1 150325230920.00

44.00IS 1

SFINIP 1 150325230924.00

51.00IS 1

O48AEP 4 150325230939.00

77.00ES 4

K43AIP 0 150325230900.00

07.00IS 0

M44AIP 0 150325230906.00

18.00ES 0

L42AIP 0 150325230909.00

23.00IS 0

L46AIP 0 150325230917.00

38.00IS 1

I42AIP 1 150325230920.00

43.00IS 1

10

Figure D3:

Input text file for the 2015 Lake in the Hills earthquake. Below the header file (top), is the station input file, followed by the
crustal velocity model, followed by the control card, with the final portion being the phase input file. The control card contains condition
parameters such as the initial trial hypocenter depth (7), distance in km from epicenter where the weighting is 1 (50), distance in km from
epicenter where the weighting is 0 (100), ratio of P-velocity/S-velocity (1.73), quality class of earthquake to be included in the summary (2),
minimum number of first motions before a first motion plot is created (18), the next sets within the control card allow the output to post results of
each iteration, to post auxillary RMS values, sort stations by distance, and have outputs for each individual station.
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Appendix E
HYPO71 Output Files
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1

***** PROGRAM: HYPO71PC (Version 1: 11/29/85) *****

TEST(1) TEST(2) TEST(3) TEST(4) TEST(5) TEST(6) TEST(7) TEST(8) TEST(9) TEST(10) TEST(11) TEST(12) TEST(13)
STANDARD
RESET TO

L

STN

.1000 10.0000 2.0000 .0500 5.0000 4.0000 -.8700 2.0000 .0035 100.0000 8.0000
.1000 10.0000 2.0000

LAT

.0500 5.0000

LONG ELV DELAY

.0001 -.8700 2.0000

L44A 4210.80N 8754.60W 0 .00

.25 .25 8 .00

2

K43A 4242.00N 8819.80W 0 .00

.25

3

L43A 4210.80N 8844.40W 0 .00

.25 .25 8 .00

.00 0

0 0

4 M44A 4223.40N 88 2.40W 0 .00

.25 .25 8 .00

.00 0

0 0

5

K42A 4246.80N 8920.00W 0 .00

.25 .25 8 .00 .00 0

0 0

6 M43A 4226.40N 8857.60W 0 .00

.25 .25 8 .00 .00 0

0 0

.00 0

0 0

.25 8 .00 .00 0

0 0

7

J43A 4322.80N 8825.20W 0 .00

.25 .25 8 .00 .00 0

8

L42A 42 .00N 8940.20W 0 .00

.25

9 M45A 4123.40N 8715.00W 0 .00
10 J42A 4319.20N 89 7.20W 0 .00

CRUSTAL MODEL 1
VELOCITY

DEPTH

5.000

.000

6.000

6.000

.0035 100.0000 8.0000 .5000 1.0000

FMGC XMGC KL PRR CALR IC

1

.25 8 .00 .00 0

.25 .25 8 .00 .00 0
.25 .25 8 .00 .00 0

0 0
0 0
0 0
0 0

.5000 1.0000

DATE HRMN
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KS Z XNEAR XFAR POS IQ KMS KFM IPUN IMAG IR IPRN CODE LATR

LONR

0 5. 50. 100. 1.78 2 0 18 1 1 0 100011 0 .00 0 .00
1

12/ 1/31

3:54

ADJUSTMENTS (KM) PARTIAL F-VALUES STANDARD ERRORS ADJUSTMENTS TAKEN
I ORIG LAT N
DLON DZ

LONG W DEPTH DM RMS AVRPS SKD CF DLAT DLON

DZ DLAT DLON

DZ DLAT DLON

DZ DLAT

1 40.70 42-10.90 87-54.70 5.00 0 3.80 .00 D0D 2.00 .00 .00 27.62 1.12 -1.00309.86 .00 .00 1.57 .00 .00 4.60
1 40.83 42-10.90 87-54.70 9.60 0 3.82 1.03 D0D 2.00 .00 .00 .00 -1.00 -1.00 -1.00 .00 .00 .00 .00 .00 -.92
2 40.59 42-10.90 87-54.70 8.68* 0 3.47 .00 D0D 2.00 29.88 42.65 .00468.66843.58 .00 1.38 1.47 .00 29.88 42.65 .00
3 46.08 42-27.04 88-25.67 8.68* 29 2.60 -3.54 D4D****** .00-17.79 .00 -1.00 1.95 -1.00 .00 12.74 .00 .00-17.79 .00
4 42.81 42-27.04 88-12.69 8.68* 29 1.55 -.60 D0D 2.00-12.29 .00 .00186.54 .00 -1.00 .90 .00 .00-12.29 .00 .00
5 42.51 42-20.40 88-12.69 8.68* 31 .12 -.13 A0D 2.00 .00 -.94 .00 .00 7.07 -1.00 .00 .35 .00 .00 -.94 .00
6 42.36 42-20.40 88-12.01 8.68* 30 .04 .00 A0D 2.00 -.35 .00 .00 18.12 .00 -1.00 .08 .00 .00 -.35 .00 .00
7 42.36 42-20.21 88-12.01 8.68* 30 .01 .00 A0D 2.00 .00 .08 .00 .00 12.60 -1.00 .00 .02 .00 .00 .08 .00
8 42.36 42-20.21 88-12.06 8.68* 30 .00 .00 A0D 2.00 -.02 .00 .00 13.29 .00 -1.00 .01 .00 .00 -.02 .00 .00
8 42.36 42-20.21 88-12.06 8.68 30 .00 .00 A2D 2.00 -.02 .00 .18 13.29 -1.00 .00 .00 .00 .00 .00 .00 .00

DATE ORIGIN LAT N
SDXM NF AVFM SDFM I

LONG W DEPTH MAG NO DM GAP M RMS ERH ERZ Q SQD ADJ IN NR AVR AAR NM AVXM

120131 354 42.36 42-20.21 88-12.06 8.68

3 30 141 1 .18 .4 .7 C A|D .08 0 20 .00 .00 0 .0 .0 0 .0 .0 8

STN DIST AZM AIN PRMK HRMN P-SEC TPOBS TPCAL DLY/H1 P-RES P-WT AMX PRX CALX K XMAG RMK FMP FMAG SRMK
S-SEC TSOBS S-RES S-WT DT
M44A 14.5 66 111 IP 4 355 1.00 18.64 3.18 .00 15.46 .00 0 0 .00 8

IS 3 15.00 32.64 26.99 .0

L44A 29.7 126 97 IP 0 354 48.00 5.64 5.64 .00 .00 1.00 0 0 .00 8

IS 0 52.00 9.64 -.40 .0

K43A 41.7 345 95 IP 0 354 50.00 7.64 7.63 .00 .00 1.00 0 0 .00 8

IS 0 56.00 13.64 .05 .0

L43A 47.8 249 94 IP 0 354 51.00 8.64 8.64 .00 .00 1.00 0 0 .00 8

IS 0 57.00 14.64 -.74

.0

M43A 63.5 280 93 IP 4 355 3.00 20.64 11.27 .00 9.37 .00 0 0 .00 8

IS 3 18.00 35.64 15.58 .0

K42A 105.2 298 92 IP 3 355 1.00 18.64 18.22 .00 .42 .00 0 0 .00 8

IS 3 15.00 32.64 .21 .0

J43A 117.3 351 91 IP 3 355 3.00 20.64 20.23 .00 .41 .00 0 0 .00 8

IS 3 19.00 36.64 .63 .0

L42A 127.0 253 91 IP 4 355 4.00 21.64 21.86 .00 -.22 .00 0 0 .00 8

IS 4 20.00 37.64 -1.27 .0

140
M45A 131.5 143 91 IP 4 355 5.00 22.64 22.61 .00 .03 .00 0 0 .00 8

IS 4 21.00 38.64 -1.60 .0

J42A 132.6 325 91 IP 4 355 5.00 22.64 22.78 .00 -.15 .00 0 0 .00 8
1 ***** CLASS:

A

B

C

IS 4 22.00 39.64 -.92

.0

D TOTAL *****

NUMBER: .0 .0 1.0 .0 1.0

%: .0 .0 100.0 .0

TRAVELTIME RESIDUALS (MODEL=1)
MAGNITUDE RESIDUALS

TRAVELTIME RESIDUALS (MODEL=2)

STATION NRES SRWT AVRES SDRES
SDFM

NRES SRWT AVRES SDRES

NXM AVXM

L44A

0

.00

.00

.00

0

.00

.00

.00

0

.00

.00

0

.00

.00

K43A

0

.00

.00

.00

0

.00

.00

.00

0

.00

.00

0

.00

.00

L43A

0

.00

.00

.00

0

.00

.00

.00

0

.00

.00

0

.00

.00

M44A

0

.00

.00

.00

0

.00

.00

.00

0

.00

.00

0

.00

.00

K42A

0

.00

.00

.00

0

.00

.00

.00

0

.00

.00

0

.00

.00

M43A

0

.00

.00

.00

0

.00

.00

.00

0

.00

.00

0

.00

.00

J43A

0

.00

.00

.00

0

.00

.00

.00

0

.00

.00

0

.00

.00

L42A

0

.00

.00

.00

0

.00

.00

.00

0

.00

.00

0

.00

.00

M45A

0

.00

.00

.00

0

.00

.00

.00

0

.00

.00

0

.00

.00

J42A

0

.00

.00

.00

0

.00

.00

.00

0

.00

.00

0

X-MAGNITUDE RESIDUALS

.00

SDXM

NFM

F-

AVFM

.00

Figure E1: Output file for the 2012 McHenry earthquake. Output file includes repetition of
station input and crustal velocity files, as well as results of each iteration of the program, with the
final result and analysis of the result posted below. Below the result each stations arrival time is
compared with the calculated arrival time and a residual is posted.
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`1
2013 Quake Relocation

***** PROGRAM: HYPO71PC (Version 1: 11/29/85) *****

TEST(1) TEST(2) TEST(3) TEST(4) TEST(5) TEST(6) TEST(7) TEST(8) TEST(9) TEST(10) TEST(11) TEST(12) TEST(13)
STANDARD
RESET TO

L

STN

.1000 10.0000 2.0000 .0500 5.0000 4.0000 -.8700 2.0000 .0035 100.0000 8.0000
.1000 10.0000 2.0000

LAT

.0500 5.0000 1.0000 -.8700 2.0000 .0035 100.0000 10.0000

LONG ELV DELAY

FMGC XMGC KL PRR CALR IC

1

L43A 4210.80N 8844.40W 0 -.16

.25

.25 8 .00 .00 0

0 0

2

L44A 4210.80N 8754.60W 0 -.09

.25

.25 8 .00 .00 0

0 0

3 M43A 4126.40N 8857.60W 0 -.03

.25 .25 8 .00

.00 0

0 0

4 M44A 4123.40N 88 2.40W 0 .00

.25 .25 8 .00

.00 0

0 0

5

K43A 4242.00N 8819.80W 0 .00

.25 .25 8 .00 .00 0

0 0

6

L42A 42 .00N 8940.20W 0 .42

7

K42A 4246.80N 8921.00W 0 .00

.25 .25 8 .00 .00 0

0 0

8 M45A 4123.40N 8715.00W 0 .21

.25 .25 8 .00 .00 0

0 0

9

N43A 4056.40N 8910.20W 0 .24

.25 .25 8 .00 .00 0

0 0

10 N44A 4048.00N 88 7.80W 0 .17

.25 .25 8 .00 .00 0

0 0

.25

.25 8 .00 .00 0

DATE HRMN

0 0

CRUSTAL MODEL 1
VELOCITY

DEPTH

5.000

.000

6.000

6.000

KS Z XNEAR XFAR POS IQ KMS KFM IPUN IMAG IR IPRN CODE LATR
0 8. 50. 200. 1.73 2 0 18 1 1 0 100011 41 59.40 88 30.54

LONR

.5000 1.0000
.5000 1.0000
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1

2013 Quake Relocation

13/ 6/10 12:29

ADJUSTMENTS (KM) PARTIAL F-VALUES STANDARD ERRORS ADJUSTMENTS TAKEN
I ORIG LAT N
DLON DZ

LONG W DEPTH DM RMS AVRPS SKD CF DLAT DLON

DZ DLAT DLON

DZ DLAT DLON

DZ DLAT

1 38.62 41-59.40 88-30.54 8.00 28 .20 .00 B0C 2.00 -1.04 -.69 .00 8.26 2.73 .72 .36 .42 .00 -1.04 -.69 .00
2 38.60 41-58.84 88-30.04 8.00 30 .12 -.01 C4C 2.00 .00 .00 -8.37 -1.00 -1.00 1.08 .00 .00 8.06 .00 .00 -4.18
2 38.62 41-58.84 88-30.04 3.82 30 .12 -.26 A4C 2.00 .00 .00 .00 -1.00 -1.00 -1.00 .00 .00 .00 .00 .00 .84
2 38.61 41-58.84 88-30.04 4.65 30 .12 -.16 A4C 2.00 .00 .00 .00 -1.00 -1.00 -1.00 .00 .00 .00 .00 .00 .84
2 38.61 41-58.84 88-30.04 5.49 30 .12 -.06 A4C 2.00 .00 .00 .00 -1.00 -1.00 -1.00 .00 .00 .00 .00 .00 .84
2 38.60 41-58.84 88-30.04 6.33 30 .12 .00 A4C 2.00 .00 .00 .00 -1.00 -1.00 -1.00 .00 .00 .00 .00 .00 .84
3 38.60 41-58.84 88-30.04 7.16* 30 .12 .00 A4C 2.00 .00 -.05 .00 -1.00 .01 -1.00 .00 .39 .00 .00 .00 .00
3 38.60 41-58.84 88-30.04 7.16 30 .12 .00 C2C 2.00 -.33 -.10-21.40 .72 .07 2.55 .39 .38 13.40 .00 .00 .00

DATE ORIGIN LAT N
SDXM NF AVFM SDFM I

LONG W DEPTH MAG NO DM GAP M RMS ERH ERZ Q SQD ADJ IN NR AVR AAR NM AVXM

130610 1229 38.60 41-58.84 88-30.04 7.16

10 30 59 1 .12 .5 3.4 C C|C .84 0 20 .00 .11 0 .0 .0 0 .0 .0 3

STN DIST AZM AIN PRMK HRMN P-SEC TPOBS TPCAL DLY/H1 P-RES P-WT AMX PRX CALX K XMAG RMK FMP FMAG SRMK
S-SEC TSOBS S-RES S-WT DT
L43A 29.7 318 93 IP 0 1229 44.00 5.40 5.62 -.16 -.06 1.79 0 0 .00 8

IS 0 47.00 8.40 -1.05 .0

L44A 53.7 66 91 IP 0 1229 48.00 9.40 9.62 -.09 -.13 1.69 0 0 .00 8

IS 0 55.00 16.40 -.08 .0

M43A 71.2 212 90 IP 0 1229 51.00 12.40 12.53 -.03 -.10 1.52 0 0 .00 8

IS 0 61.00 22.40 .78 .0

M44A 76.0 150 90 IP 0 1229 52.00 13.40 13.33 .00 .07 1.48 0 0 .00 8

IS 0 62.00 23.40 .34 .0

K43A 81.1 10 90 IP 0 1229 53.00 14.40 14.19 .00 .21 1.24 0 0 .00 8

IS 0 63.00 24.40 -.14 .0

L42A 96.9 271 90 IP 1 1229 56.00 17.40 16.82 .42 .16 .87 0 0 .00 8

IS 0 68.00 29.40 -.42 .0

K42A 113.0 322 90 IP 1 1229 58.00 19.40 19.50 .00 -.10 .76 0 0 .00 8

IS 0 73.00 34.40 .66 .0

M45A 123.1 122 90 IP 3 1230 .00 21.40 21.18 .21 .01 .23 0 0 .00 8

IS 0 16.00 37.40 .40 .0

N43A 128.4 206 90 IP 3 1230 1.00 22.40 22.06 .24 .10 .21 0 0 .00 8

IS 0 17.00 38.40 -.18 .0

N44A 134.7 167 90 IP 3 1230 2.00 23.40 23.12 .17 .11 .19 0 0 .00 8

IS 0 19.00 40.40 .11 .0

1 ***** CLASS:

A

B

C

D TOTAL *****

NUMBER: .0 .0 1.0 .0 1.0
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%: .0 .0 100.0 .0

TRAVELTIME RESIDUALS (MODEL=1)
MAGNITUDE RESIDUALS

TRAVELTIME RESIDUALS (MODEL=2)

STATION NRES SRWT AVRES SDRES
SDFM

NRES SRWT AVRES SDRES

X-MAGNITUDE RESIDUALS

NXM AVXM

L43A

0

.00

.00

.00

0

.00

.00

.00

0

.00

.00

0

.00

.00

L44A

0

.00

.00

.00

0

.00

.00

.00

0

.00

.00

0

.00

.00

M43A

0

.00

.00

.00

0

.00

.00

.00

0

.00

.00

0

.00
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Figure E2: Output file for the 2013 Campton Hills earthquake. Output file includes repetition of
station input and crustal velocity model, as well as results of each iteration of the program, with
the final result and analysis of the result posted below. Below the result each stations arrival
time is compared with the calculated arrival time and a residual is posted. For this result there is
an RMS value of 0.12 ERH of 0.5 km and ERZ of 13.4 km. This relocation has the greatest error
in its depth calculation, however the RMS value is low, which lends confidence to this epicentral
relocation. The large error in the depth calculation is likely due to noisy pick times for this date.
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***** PROGRAM: HYPO71PC (Version 1: 11/29/85) *****

TEST(1) TEST(2) TEST(3) TEST(4) TEST(5) TEST(6) TEST(7) TEST(8) TEST(9) TEST(10) TEST(11) TEST(12) TEST(13)
STANDARD
RESET TO

L

STN

.1000 10.0000 2.0000 .0500 5.0000 4.0000 -.8700 2.0000 .0035 100.0000 8.0000
.1000 10.0000 2.0000

LAT

.0500 5.0000 1.0000 -.8700 2.0000 .0035 100.0000 10.0000

LONG ELV DELAY

FMGC XMGC KL PRR CALR IC

1

L44A 4210.80N 8754.60W 220 -.16

2

JFWS 4254.60N 9015.00W 335 -2.78

.25 .25 8 .00

3

HDIL 4033.50N 8917.40W 219 -3.33

.25

4

SFIN 4022.80N 87 6.00W 165 -3.94

.25 .25 8 .00 .00 0

0 0

5

O48A 4015.60N 85 9.60W 300 .00

.25 .25 8 .00 .00 0

0 0

6

K43A 4242.00N 8819.80W 264 .20

.25

.25 8 .00 .00 0

0 0

.25 .25 8 .00 .00 0

0 0

7 M44A 4123.40N 88 2.40W 207 .36

.25 .25 8 .00

.00 0

0 0

.00 0

0 0

.25 8 .00 .00 0

0 0

8

L42A 42 .00N 8940.20W 257 -.13

.25

.25 8 .00 .00 0

0 0

9

L46A 42 .60N 8618.00W 223 -1.48

.25 .25 8 .00 .00 0

0 0

10

I42A 4353.40N 8854.60W 298 -2.78

.25

.25 8 .00 .00 0

DATE HRMN

0 0

CRUSTAL MODEL 1
VELOCITY

DEPTH

5.000

.000

6.000

6.000

KS Z XNEAR XFAR POS IQ KMS KFM IPUN IMAG IR IPRN CODE LATR
0 7. 50. 200. 1.73 2 0 18 1 1 0 100011 42 11.33 88 21.65

LONR

.5000 1.0000
.5000 1.0000
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15/ 3/25 23: 8

ADJUSTMENTS (KM) PARTIAL F-VALUES STANDARD ERRORS ADJUSTMENTS TAKEN
I ORIG LAT N
DLON DZ

LONG W DEPTH DM RMS AVRPS SKD CF DLAT DLON

DZ DLAT DLON

DZ DLAT DLON

DZ DLAT

1 49.64 42-11.33 88-21.65 7.00 37 .29 .00 B0C 2.00 .06 -2.60 11.60 4.09999.99 33.74 .03 .03 2.00 .06 -2.60 3.87
2 49.65 42-11.36 88-19.76 10.87 35 .01 -.02 A0C 2.00 -.04 .00 .95 5.05 .40 15.71 .02 .00 .24 -.04 .00 .95
3 49.62 42-11.34 88-19.76 11.82 35 .00 .00 A4C 2.00 .00 -.02 .00 -1.00 1.16 -1.00 .00 .01 .00 .00 -.02 .00
3 49.62 42-11.34 88-19.76 11.82 35 .00 .00 A2C 2.00 .00 -.02 -.01 .04 .35 .00 .02 .03 .29 .00 .00 .00

DATE ORIGIN LAT N
SDXM NF AVFM SDFM I

LONG W DEPTH MAG NO DM GAP M RMS ERH ERZ Q SQD ADJ IN NR AVR AAR NM AVXM

150325 23 8 49.62 42-11.34 88-19.76 11.82

8 35 92 1 .00 .0 .3 B A|C .95 0 20 .00 .00 0 .0 .0 0 .0 .0 3

STN DIST AZM AIN PRMK HRMN P-SEC TPOBS TPCAL DLY/H1 P-RES P-WT AMX PRX CALX K XMAG RMK FMP FMAG SRMK
S-SEC TSOBS S-RES S-WT DT
L44A 34.7 92 102 IP 0 23 8 56.00 6.38 6.55 -.16 .00 2.19 0 0 .00 8

IS 0 61.00 11.38 .33 .0

K43A 56.8 360 97 IP 0 23 9 .00 10.38 10.18 .20 .00 2.09 0 0 .00 8

IS 0 7.00 17.38 -.58 .0

M44A 91.9 165 94 IP 0 23 9 6.00 16.38 16.02 .36 .00 1.58 0 0 .00 8

ES 0 18.00 28.38 .04 .0

L42A 112.9 259 93 IP 0 23 9 9.00 19.38 19.51 -.13 .01 1.27 0 0 .00 8

IS 0 23.00 33.38 -.14 .0

L46A 169.1 97 92 IP 0 23 9 17.00 27.38 28.87 -1.48 .00 .45 0 0 .00 8

IS 1 38.00 48.38 1.01 .0

JFWS 176.9 297 92 IP 0 23 9 17.00 27.38 30.18 -2.78 -.02 .34 0 0 .00 8
I42A 194.8 346 92 IP 1 23 9 20.00 30.38 33.16 -2.78 .00 .06 0 0 .00 8

IS 1 38.00 48.38 .98 .0
IS 1 43.00 53.38 .82 .0

HDIL 198.1 204 92 IP 1 23 9 20.00 30.38 33.72 -3.33 -.01 .02 0 0 .00 8

IS 1 44.00 54.38 1.81 .0

SFIN 225.8 153 92 IP 1 23 9 24.00 34.38 38.33 -3.94 .00 .00 0 0 .00 8

IS 1 51.00 61.38 1.89 .0

O48A 341.4 129 90 EP 4 23 9 39.00 49.38 57.56 .00 -8.17 .00 0 0 .00 8

ES 4 77.00 87.38-12.19

1 ***** CLASS:

A

B

NUMBER: .0 1.0

%: .0 100.0

C

D TOTAL *****

.0 .0 1.0

.0 .0

.0
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TRAVELTIME RESIDUALS (MODEL=1)
MAGNITUDE RESIDUALS

TRAVELTIME RESIDUALS (MODEL=2)

STATION NRES SRWT AVRES SDRES
SDFM

NRES SRWT AVRES SDRES

L44A

1 2.19

JFWS

1

HDIL

NXM

.00

.00

0

.00

.00

.00

0

.00

.00

0

.00

.00

.34

-.02

.00

0

.00

.00

.00

0

.00

.00

0

.00

.00

1

.02

-.01

.00

0

.00

.00

.00

0

.00

.00

0

.00

.00

SFIN

0

.00

.00

.00

0

.00

.00

.00

0

.00

.00

0

.00

.00

O48A

0

.00

.00

.00

0

.00

.00

.00

0

.00

.00

0

.00

.00

K43A

1 2.09

.00

.00

0

.00

.00

.00

0

.00

.00

0

.00

.00

M44A

1 1.58

.00

.00

0

.00

.00

.00

0

.00

.00

0

.00

.00

L42A

1 1.27

.01

.00

0

.00

.00

.00

0

.00

.00

0

.00

.00

L46A

1

.45

.00

.00

0

.00

.00

.00

0

.00

.00

0

.00

.00

I42A

1

.06

.00

.00

0

.00

.00

.00

0

.00

.00

0

.00

.00

X-MAGNITUDE RESIDUALS

AVXM
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Figure E3: Output file for 2015 Lake in the Hills earthquake. Output file includes repetition of
station input and crustal velocity model, as well as results of each iteration of the program, with
the final result and analysis of the result posted below. Below the result each stations arrival
time is compared with the calculated arrival time and a residual is posted. For this result there is
an RMS value of 0.00 ERH of 0.0 km and ERZ of 0.3 km. This relocation has the most
confidence in the result due to the extremely low RMS and ERH values as well as the lowest
ERZ value. In all these relocations the SQD value gives a ‘C’ rating to depth because of GAP
value within our array.

